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General introduction and outline of the thesis

  General introduction and outline of the thesis 
Spinal Cord Injury 
 
The spinal cord-injured population 
A spinal cord injury (SCI) disrupts the structural and functional integrity of the spinal cord 
resulting in muscle paralysis, loss of sensation and autonomic dysfunction below the level of 
the injury. In approximately 50-75%, a spinal cord lesion is of traumatic origin (1-3) and 
common causes are traffic accidents, falls, violence and sport accidents (3,4). In the 
Netherlands, an incidence of 27 traumatic spinal cord lesions per million persons per year has 
been reported (5) which is in agreement with findings in other western European countries, 
where the incidence varies between 9 and 36 per million per year (3,6,7). Prevalence, 
extended from observations in the United States (8), may be between 8100 and 18000 persons 
with a SCI in the Netherlands. A spinal cord lesion causes tetraplegia or paraplegia depending 
on the neurological level of the injury. Tetraplegia is characterized by impairment or loss of 
motor, sensory and autonomic function in the arms, trunk, legs and pelvic organs due to 
damage in the cervical segments of the spinal cord. Paraplegia is associated with deficits in 
the trunk, legs and pelvic organs due to a corresponding damage in the thoracic and lumbar 
segments. Approximately 80% of the SCI population is male although the percentage of 
women increases slightly over time. The mean age at the time of injury is approximately 35 
years and tetraplegia (50-55%) and complete injuries (40-55%) occur more than paraplegia 
and incomplete injuries, respectively (1,3,4,6,7). As a result of improved medical care, life 
expectancy in SCI individuals has increased over the years. However, persons with SCI are at 
increased risk for secondary medical complications such as urinary tract and pulmonary 
infections, loss of bone integrity, pressure ulcers, impaired wound healing and thromboses 
(9,10). In addition, well known risk factors for cardiovascular diseases such as glucose 
intolerance, type 2 diabetes, disturbances in lipid profile and alterations in body composition 
are all observed in higher proportion in persons with a chronic spinal cord lesion (11-15).   
In western societies, modern chronic diseases such as cardiovascular diseases, type 2 diabetes, 
metabolic syndrome and cancer are the leading killers (16). Although accumulating evidence 
shows that regular physical activity is essential for normal and healthy functioning, western 
populations have become increasingly sedentary over the last decades (16). The combination 
of poor diet and physical inactivity is the second actual cause of death after smoking and 
accounts for 17 % of all deaths in the United States (17). The importance of physical 
inactivity as an independent and modifiable risk factor for cardiovascular diseases and 
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atherosclerosis is well established (18,19). In individuals with SCI, the part of the body below 
the lesion is paralyzed and, thus, extremely inactive. The SCI population may therefore serve 
as a human model of extreme exposure to inactivity and offers a unique opportunity to assess 
vascular adaptations to inactivity and paralyses as well as following training.   
 
Vascular adaptations in SCI   
In individuals with a chronic spinal cord lesion, extensive adaptations of the central and 
peripheral circulatory system occur. Previous studies demonstrated atrophy of the heart 
muscle (20) and a decreased total plasma volume (21) in longstanding tetraplegic subjects. On 
the venous side, vascular adaptations are characterized by a 50-70% reduction in venous 
capacitance and increased flow resistance (75%) in chronic SCI compared with able-bodied 
controls (22,23). In a relatively early phase, i.e., 8 wk, after the injury, a 30% reduction in leg 
venous compliance in SCI patients has been observed (24). Arterial vascular adaptations in 
the legs of SCI include a 25-40% reduction in femoral artery size (25-29), a decrease in 
arterial femoral compliance (27) and a reduced capillarization (30) compared with able-
bodied controls. For resting blood flow as measured with Doppler ultrasound, inconsistent 
results have been reported with some studies showing a 50-70% decrease (26,31) in flow in 
SCI while other studies observed no differences in resting blood flow between SCI and 
controls (32,33). At the arteriolar level, resting blood flow assessed with plethysmography 
was 35-65% lower and leg vascular resistance was more than doubled in SCI as compared 
with controls (34,35). Reactive hyperaemia, typically used to evaluate arteriolar structural 
changes in the circulation, was approximately 40-60% lower in the legs of SCI than in 
controls (29,35). Wall shear stress represents the frictional force of the blood on the 
endothelium layer and is directly proportional to blood viscosity and red blood cell velocity 
and inversely related to vessel diameter. Shear stress is supposed to play an important role in 
endothelial function and arterial adaptation processes and usually, shear stress levels are kept 
at a constant level by adjusting the internal diameter (36,37). Interestingly, shear stress levels 
were found to be almost doubled in the femoral artery of chronic SCI individuals compared 
with able-bodied subjects (25,27), which may affect endothelial function. The importance of 
the endothelium in maintaining a healthy vasculature will be discussed in a later chapter. The 
above lines of evidence demonstrate that detrimental vascular changes occur in the extremely 
inactive and denervated legs of chronic SCI individuals.  
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Reversibility of vascular adaptations in SCI by training  
It seems clear that the vascular adaptations in SCI individuals play an important role in 
various secondary health problems that accompany a spinal cord lesion. It is most likely that 
these profound alterations are related to the extreme inactivity, which is a direct consequence 
of the injury. Therefore, reconditioning of the paralyzed muscles is an important topic. With 
functional electrical stimulation (FES) it is possible to stimulate one or more paralyzed 
muscles, or, via motor complex regimens, stimulate various muscle groups in order to 
produce or assist more functional movements like leg cycling. Results of several studies in 
longstanding SCI individuals clearly indicate that deteriorated paralysed muscles can be 
reconditioned after a period of electrically- induced leg cycling. Exercise-induced adaptations 
include improvements in physical fitness (38,39), increased muscle mass (14,40), 
improvements in oxidative capacity and glucose homeostasis  (38,41-43) and a shift from the 
fast glycolytic type IIx fibre to the more oxidative type IIa fibre (38,42). Furthermore, 
previous studies have shown that the detrimental circulatory adaptations in SCI individuals 
can be partly reversed by 6-12 weeks of FES training. FES-induced cardiovascular 
improvements include a reversal of left ventricular atrophy (44), a decrease of initially 
enhanced vascular resistance (34) increase in femoral artery size and an increased resting and 
hyperaemic leg blood flow (28,45). Hence, even after prolonged disuse, the muscular and 
vascular properties of the chronically deconditioned and paralyzed muscles in SCI individuals 
still have an enormous capacity to adapt to changes in functional requirements. 
 
Vascular adaptations  
 
This paragraph will focus on current knowledge on the magnitude and time course of 
structural and functional arterial vascular adaptations to inactivity. At present, the knowledge 
of vascular adaptations that occur as a result of deconditioning is limited and dispersed. Most 
evidence, especially on the time course of vascular changes is derived from animal studies. 
Current knowledge on the vascular changes to inactivity will be described from different 
models of deconditioning including animal studies, microgravity, limb immobilization and 
spinal cord injury. The effect of exercise training on vascular dimension and function has 
been studied more extensively. An overview on vascular adaptations following training will 
be presented with the emphasis on the time course of vascular changes. At first, however, a 
physiological background on the regulation of arterial adaptation processes will be presented.  
  13 
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The physiology of functional and structural adaptation of arteries 
 
Functional adaptations and endothelium derived nitric oxide function 
Vascular tone and blood flow are essentially under dual control by systemic and local control 
mechanisms (46). Systemic control mechanisms, such as the sympathetic nervous system, are 
mainly responsible for maintenance of blood pressure and central cardiovascular homeostasis. 
In contrast, local vascular control mechanisms are predominantly aimed to maintain tissue 
homeostasis. The endothelium plays an important role in local vascular control by the release 
of vasoactive substances such as the vasodilators nitric oxide (NO), prostacyclins and 
endothelium-derived hyperpolarization factors and the vasoconstrictors endothelin and several 
of the vasoconstrictor prostaglandins (47) (figure 1).   
 
 
 
 
 
 
 
 
 
 
Figure 1.  Release of vasodilating and vasoconstricing substances by the endothelium (Adapted from textbook 
Physiology; Berne and Levy)  
 
The importance of the endothelium in maintaining a healthy vasculature has been increasingly 
recognised, particularly with respect to NO and its mediated functions (48). NO is synthesized 
from L-arginine by the action of nitric oxide synthase (NOS). It activates smooth muscle cell 
guanylate cyclase, which relaxes smooth muscle by increasing the intracellular concentration 
of guanosine 3,5 cyclic monophosphate (49). In addition to regulating blood flow to skeletal 
and cardiac muscle at rest and during elevated metabolic demand, NO also possesses a 
number of antiatherogenic properties, including inhibition of platelet and monocyte adhesion 
to the endothelium of vessel walls and inhibition of cellular transmigration, vascular smooth 
muscle proliferation and LDL oxidation (50). Both baseline and (physiologically and 
pharmacologically) stimulated NO production are used as measures of endothelial function. 
14 
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Baseline NO release can be assessed by intra-arterial administration of specific inhibitors of 
NO synthase, such as NG-monomethyl-L-arginine (L-NMMA). The physiological stimulus for 
endothelial NO production is increased shear stress from increased blood flow (51). Flow 
Mediated Dilation (FMD) involves direct imaging of conduit artery diameter change using 
high resolution B-mode ultrasound (52). The increase in diameter after a brief period of limb 
ischemia and the subsequent reactive hyperaemic blood flow is almost exclusively mediated 
by NO (53) and, therefore, provides an index of conduit artery endothelium dependant NO 
function. At the arteriolar level, invasive studies that stimulate the production of endothelium 
derived NO involve infusion of endothelium dependent agonists such as acetylcholine. It has 
been shown in a previous study that these two measures of stimulated NO production do not 
show good intra-individual correlation coefficients, suggesting that distinct mechanisms may 
be involved in different vascular beds (54). Endothelial derived NO vasodilation has been 
shown to be abnormal in subjects with atherosclerosis (55), type 2 diabetes (56), chronic heart 
failure (57) and cardiovascular risk factors (58), including smoking (59), hypertension (60) 
and hypercholesterolemia (61). The presence of endothelial dysfunction is particularly 
relevant given recent studies which indicate that coronary and peripheral endothelium 
dependent dilation predict cardiovascular morbidity and mortality (62-64). These lines of 
evidence indicate that endothelial dysfunction is an early manifestation of atherosclerotic 
disease which predicts cardiovascular events (58,65,66).  
 
Structural adaptations  
Arterial remodelling represents the process of chronic and structural changes in the arterial 
system. Remodelling occurs in response to changes in hemodynamic stimuli (flow or 
pressure) and takes places during physiological conditions, but also in pathological conditions 
such as atherosclerosis and hypertension (67). Chronic changes in blood flow cause 
alterations in blood vessel architecture to normalize wall shear stress (36,37). In normal 
conduit arteries, increases in blood flow are associated with outward remodelling (increase in 
vessel size and cross-sectional area) whereas decreases in blood flow are associated with 
inward remodelling; i.e. a reduction of the vessel size. Arterial remodeling in response to high 
and low flows has been studied extensively in animal models. In 1986, Langille and 
O’Donnel (37) showed that a 70% decrease in blood flow leads to structural remodelling of 
the vessel diameter within 2 weeks. Importantly, the authors reported that this arterial 
response to reduced blood flow was abolished when the endothelium was removed from the 
vessels. The importance of the endothelium and specifically the role of endothelium-derived 
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NO in normal vascular remodelling have been confirmed in other animal studies. Tronc et al.  
demonstrated that increased blood flow in the carotid artery, due to an artificial arteriovenous 
shunt, causes outward remodelling with a normalization of shear stress (68). Moreover, 
eliminating the NO pathway significantly prevented this vascular adaptation to increased 
blood flow (68). It has been shown that NO increases the activity of matrix metalloproteinase, 
(69) which may play an important role in processes of vascular outward remodelling.In 
contrast, low flow states cause endothelium dependant inward remodelling. Additional 
evidence to support the key role of NO in vascular remodelling stems from the inability of 
eNOS knockout mice to remodel their carotid artery to a decrease in blood flow (70). 
Structural remodelling in response to a low flow state coincided with a temporal reduction in 
basal, but not stimulated NO production (71). Other factors that have been implicated in 
inward remodelling are platelet derived and transforming growth factors which may increase 
smooth muscle cell proliferation and collagen deposition cross linking (72).   
 
Magnitude and time course of arterial vascular adaptations to deconditioning  
 
Animal models 
 
Vascular ligation and shunting  
Acute ligation of an artery induces a substantial decrease in blood flow whereas the 
construction of an artificial arteriovenous shunt results in chronic increased blood flow. Such 
experimental methods offer a unique possibility to study the time course and magnitude of 
flow-induced changes in vascular structure and function. Since the present thesis aims to 
study vascular adaptations to inactivity, I will primarily discuss the consequences of ligation-
induced flow reduction. In 1986, Langille and O’Donnel (37) were the first to describe the 
physiology of arterial remodelling in response to decreased blood flow. The authors 
demonstrated that a 70% percent reduction in blood flow through the carotid artery caused a 
21 percent reduction in vessel diameter within 2 weeks. The smooth muscle relaxant 
papaverine did not attenuate the response, indicating a structural modification of the arterial 
wall rather than sustained contraction of smooth muscle. Rudic (71) more specifically 
assessed the time course of vascular changes after chronic flow reduction. Mice underwent 
ligation of the external carotid artery for 3, 7, 14 and 35 days, resulting in an approximately 
50% decrease in blood flow. It was shown that after 3 days, the diameter decrease was 
reversible by papaverine, whereas from day 7 to day 35, a permanent 25-35% diameter 
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reduction occurred, consistent with structural adaptation of the vessel wall. Furthermore, 
structural remodelling coincided with a temporal reduction in basal (day 7, 14) but not 
stimulated NO production and a hypersensitivity to the NO vasodilator sodium nitroprusside 
(day 7). It has been demonstrated by Tuttle et al. (73) that the magnitude of diameter change 
is associated with the level of blood flow and shear rate. In this particular study, specific 
ligations in mesenteric arteries within the same animal were made to alter the number of 
perfusion units to 50%, 200% and 400% of control. Arterial blood flow and shear level were 
correlated with the degree of alteration in perfusion units. Most diameter changes were 
observed in the 50% (10% diameter reduction) and 400% (33% diameter increase) arteries 
and these modifications were already evident after 2 days. In conclusion, evidence from 
experimental animal studies indicates a rapid onset of vascular adaptations, i.e. functional 
modification of the vessel tone within days, followed by structural remodelling of the vessel 
diameter within days to weeks (Table 1).  
 
Hindlimb unloading 
Hindlimb unloading in rats is a model to simulate microgravity and physical inactivity. The 
tail of the rat is surrounded by a harness and suspended to a central point above the cage. The 
hindlimbs are elevated above the ground, and therefore, inactive (74). 
Structural changes. Chew and Segal (75) showed that after prolonged (10-14 weeks) tail 
suspension, internal diameter of the femoral artery was significantly decreased while wall 
thickness was systemically increased. Zang and Mao (76-78) reported that in hindquarter 
arteries like the femoral and tibial arteries, lumen diameter and media CSA of the vessel wall 
decreased by 4-10%, 7-21% and 7-20% after 2, 4 and 8 weeks of tail suspension, respectively. 
In addition, a reduction in number of smooth muscle cell layers and fewer myofilaments in 
smooth muscle cells of hindquarter conduit arteries have been observed after 4 weeks of 
hindlimb unloading (78,79).  
Previous studies reported structural remodelling and functional changes in resistance vessels 
of skeletal muscle after 2 weeks of hindlimb unloading (80-82). Hindlimb unloading does not 
uniformly affect skeletal muscle resistance arteries. In the highly oxidative soleus muscle, 
diameter of arterioles decreased after tail suspension whereas in the low oxidative 
gastrocnemius muscle, diameter of the resistance arteries did not change but media thickness 
decreased. These non-uniform alterations may be induced by changes in local hemodynamic 
conditions, i.e. reductions in blood flow and shear stress in the soleus muscle whereas in the 
gastrocnemius muscle, only perfusion pressure is lowered (80).   
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Functional changes. Two weeks of tail suspension have been reported to result in a 
diminished vasoconstrictor capacity in conduit and small arteries of the hindlimbs (79-83). 
Removal of endothelial lining did not alter the impaired vasoconstrictor response suggesting 
that the depressed responsiveness is mainly due to a decreased smooth muscle function (82)  
Reported changes in vasodilator responsiveness are inconsistent and not as evident as those in 
response to vasoconstrictors. Vaziri demonstrated an upregulation of inducible NO synthase, 
but not of endothelial NO synthase after 20 days of tail suspension (84). Two weeks of 
hindlimb unloading resulted in decreased dilatory responsiveness to acetylcoline in the lower 
abdominal aorta (85). Several recent studies have provided information regarding the 
adaptational changes in responsiveness of resistance vessels in hindlimb muscles. Results of 
these studies demonstrate that 14 days of tail suspension induces reduced expression of eNOS 
mRNA and eNOS protein expression, attenuated endothelium dependent vasodilation and 
decreased maximal vasodilation to acetylcoline in soleus resistence vessels, in which blood 
flow is reduced during hindlimb unloading (86-88).   
In summary, structural and functional vascular changes in conduit and resistance vessels 
following hindlimb unluading can occur within weeks (Table 1). Vasoconstrictor response is 
less effective after hindlimb unloading and most studies indicate that endothelium dependent 
vasodilation is decreased in the inactive hindlimb muscles with decreased blood flow such as 
the soleus muscle.  
 
Human models of deconditioning  
 
Microgravity  
Six degrees head-down tilt (HDT) bed rest was originally designed to study the adaptations to 
microgravity and to simulate changes that occur during spaceflight. Although microgravity 
exposure is an important cause of cardiovascular deconditioning, physical inactivity as a 
result of strict bed rest or room confinement during spaceflight obviously plays an important 
role. In the following section, the current knowledge on vascular adaptations of these two 
models of deconditioning will be discussed.  
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Bed rest  
Structural changes. The majority of bed rest interventions used plethysmography to measure 
changes in calf blood flow. Previous studies reported a 26-48% decrease in calf blood flow 
after 4-41 days of HDT bed rest (89-92). Long-term HDT bed rest of 120 days resulted in a 
comparable 44% decrease in calf blood flow (93) whereas Louisy showed a 26% decrease in 
calf blood flow after only one day of HDT bed rest (90). It has been shown that plasma 
volume is reduced by 10-20% within 24-48 hours of exposure to actual or simulated 
microgravity (94). Hence, the effects of microgravity and a concomitant decrease in plasma 
volume may seriously confound the vascular changes that occur during HDT bed rest. Bonde-
Pedersen showed no changes in calf blood flow after 20 days of horizontal bed rest (95). 
Interestingly, Takenaka (96) used echo Doppler measurements within the same subjects and 
reported a 50% decrease in blood flow in the femoral artery. Reactive hyperaemia in the calf, 
a measure for the vasodilatory capacity of the vascular bed at the arteriolar level, decreased 
20-30% after 7 days of bed rest (97).  
Functional changes. Plasma nitrate and nitrite concentration, as an indicator for endogenous 
NO production, was significantly decreased after 14 days of HDT bed rest (92). However, 
Bonnin et al. reported an enhanced FMD response in the brachial artery after 7 days of bed 
rest deconditioning (98).  
Taken together, evidence on vascular changes derived from bed rest studies indicates that 
baseline calf blood flow and reactive hyperaemic flow after HDT bed rest are decreased 
within days/weeks with no changes or decreased in baseline blood flow following horizontal 
bed rest. Furthermore, none of these studies provide information related to vascular 
remodelling, such as changes in vessel diameter. Although the available data suggest that 
alterations in the NO pathway seem to occur within weeks, the current information on the 
effect of bed rest on the NO pathway is limited and not clear (Table 1). 
 
Spaceflight 
Spaceflight causes profound cardiovascular deconditioning with orthostatic intolerance as an 
important feature (79). In a previous study using plethysmography, Watenpaugh reported a 
41% decrease in basal calf blood flow with no changes in hyperaemic blood flow after 4-12 
days of spaceflight (99). In contrast, Arbeille et al measured changes in blood velocity with 
Doppler ultrasound and reported a decrease in leg vascular resistance and an increase in blood 
cell velocity in the femoral artery after 21-25 days spaceflight. However, no information was 
reported on changes in vessel diameter (100).  
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Limb immobilization 
Casting  
In a recent study, Sugawara et al reported a 6% decrease in femoral artery size, a 25% 
decrease in femoral blood flow and a 35% increase in vascular resistance after 7 days of limb 
casting in healthy subjects. No changes were found for femoral shear stress, intima media 
thickness and distensibility, although a trend towards decrease was visible for arterial 
distensibility. All parameters returned to baseline values after 14 days of recovery (101).   
After 2-12 weeks of casting for leg trauma, maximal hyperaemic blood flow was significantly 
reduced in the casted leg compared with the control leg with no differences in basal blood 
flow. After six weeks of recovery, hyperaemic response did not differ between the legs (102).  
Silber et al. (103) measured the vasodilator capacity of forearm vessels in individuals who 
had forearm casts placed for broken forearm bones within 48 hours after cast removal and 
after 29 days. After cast removal, vascular resistance after hyperaemia was higher in the 
casted arm compared with the non-casted arm and reduced again by resumption of 29 days of 
activity. Distensibility of the radial artery was measured after 30 days of cast immobilization 
of the elbow to treat bone fracture and then after 45 days of rehabilitation. After cast removal, 
arterial distensibility was markedly reduced compared with the control arm. After 45 days of 
rehabilitation, the distensibility of the radial artery increased in the previously fractured limb 
but remained lower than in the control arm (104). Green et al. (105) assessed the contribution 
of NO to basal blood flow in a group of 6 persons who had forearm casts for fracture 
treatment and in six controls. Blood flow responses to L-NMMA were assessed after 72 hours 
of cast removal and again after a 6-week recovery period. The authors reported that basal 
activity of NO in the casted and control subjects did not differ and no changes occurred over 
the 6-week study period. It is important to note that in all studies that casted limbs after 
fracture or trauma vascular changes to inactivity may be seriously confounded by possible 
increases in blood flow due to healing processes of the trauma.   
Limb suspension 
A recent study assessed vascular adaptations to 4 weeks of unilateral limb suspension and 
reported a 12% decrease in femoral artery size, no changes in basal blood flow and significant 
increases in resting shear rate levels in the femoral artery. Calf blood flow assessed with 
plethysmography decreased by 26%. Interestingly, endothelial function as assessed with flow-
mediated dilation in the superficial femoral artery was significantly increased after 4 weeks 
limb suspension. In addition, 4 weeks of deconditioning significantly enhanced responses to 
nitroglycerin (which is indicative for smooth muscle function and NO responsiveness) in the 
20 
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femoral artery of the suspended leg. Vascular parameters all returned to baseline after 4 weeks 
of recovery. In summary, above lines of evidence indicate that vascular adaptations after limb 
immobilization may occur within weeks and return to baseline again within weeks after 
resumption of normal activity (Table 1).  
 
Table 1. Time course and magnitude of arterial adaptations to physical inactivity and physical training in 
humans and animals. SCI: Spinal Cord-Injured Individuals, HU: Hindlimb Unloading.? represents data not 
availalable or direction or change not clear.   
 
 
HUMANS 
 
Physical 
 
Inactivity 
  
Physical Activity 
 
 Limb Immobilization Microgravity SCI Exercise training 
Duration 1-4 weeks 1-6 weeks > 1 year 4-12 weeks 
Baseline Flow ↓ = =  0-50% ↓ 0-70% ↓ = = 
Baseline Shear Stress ↑ = ? 100% ↑ = 
Structural changes     
Conduit artery:   
diameter 
 
6-12% ↓ 
 
? 
 
25-40% ↓ 
 
9-16% ↑ 
Arterioles:  
Hyperaemic Flow 
 
↓ 
 
↓ = 
 
40-60% ↓ 
 
18-30% ↑ 
Functional changes     
Baseline NO production     
Conduit arteries ? ? ? ? 
Arterioles = ? ? ? ↑ = 
Stimulated NO production   ?  
Conduit arteries ↑ ? ? ? ↑ 
Arterioles ? ? ? ↑ = 
 
ANIMALS  
 
Physical 
 
Inactivity 
 
Physical Activity 
 
 Vascular ligation HU Exercise training 
Duration  2-14 weeks 1-20 weeks 
Baseline Flow 50-70% ↓ ↓ = ? 
Baseline Shear Stress ↓ ↓ = ? 
Structural changes    
Conduit artery:   
Diameter 
10-35% ↓ 
(within days/weeks) 
4-20% ↓ 
(within 2-8 weeks) 
↑ 
 
Arterioles:  
Hyperaemic Flow 
 
? 
 
↓ 
↑ 
Functional changes    
Baseline NO production   ? 
Conduit arteries ↓ (temporary) ? ? 
Arterioles ? ? ? 
Stimulated NO production    
Conduit arteries = ↓ ↑ (temporary) 
Arterioles ? ↓ = ↑ 
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Spinal cord injury 
A detailed overview of the current knowledge on vascular adaptations after a spinal cord 
injury is presented in the prior section Spinal Cord Injury: Vascular adaptations in SCI. The 
SCI population obviously represents the lowest on the total spectrum of deconditioning in 
humans and extensive vascular adaptations in the inactive and paralyzed legs have been 
reported. In general, arterial vascular adaptations in SCI are characterized by a 25-40% 
reduction in vessel diameter (compared with 6% reduction (101) and 13% reduction (106) 
after 1 and 4 weeks of limb immobilization, respectively). In addition, a 30-70% decrease in 
basal and hyperaemic blood flow, almost doubled shear stress levels and a decreased arterial 
compliance in the femoral artery have been reported. However, at present, the time course of 
vascular changes is unknown and no information is available on NO related endothelial 
function in SCI individuals (Table 1).  
 
Magnitude and time course of arterial vascular adaptations to exercise  
 
Time course of functional and structural adaptations after exercise training  
Animal studies provide insight into the time course of the effect of exercise training on 
vascular dimension and especially on NO related endothelial function (Table 1). A previous 
study showed that as few as 7 days of endurance training in pigs resulted in improved 
endothelium dependant vasodilation in peripheral conduit arteries (107). In addition, 4 weeks 
of training enhanced acetylcholine stimulated vasodilatation in rat aorta and increased eNOS 
protein levels in aortic tissue (108,109). Other short-term exercise training studies in rodents 
for 2-4 weeks reported increased endothelial NO synthesis and increased vasodilator 
responses in skeletal muscle arteries and arterioles while vascular structure was not obviously 
altered (110-112). In contrast to short-to-moderate periods of training, exercise training 
studies of longer duration such as 16-20 weeks in pigs (113) and 16 weeks of training in rats 
(114) did not alter NO related endothelial function. Furthermore, daily exercise for 1 week 
resulted in increased expression of eNOS protein in porcine pulmonary arteries (115) whereas 
no changes were observed after 16 weeks of training (116). Thus, short-term exercise training 
(7 days to 4 weeks) enhances NO related endothelial function. After a period of extended 
training, the increased production of NO, and possibly also other mediators, induces structural 
changes in the vessels resulting in an increased vessel diameter (117). The outward 
remodelling results in a normalization or attenuation of shear stress during exercise, and 
endothelial NO activity returns towards initial levels. Only one recent study in humans (118) 
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assessed the time course of unilateral arm exercise training on endothelial function and 
reported an enhanced FMD response in the brachial artery of the trained arm after only four 
days of training.   
 
Vascular adaptations in conduit arteries in humans 
Structural changes. From cross-sectional studies it is well known that femoral artery size is 
approximately 20% larger in trained athletes than in sedentary controls (31,119). In a 
longitudinal study of Dinenno et al. (119) it was shown that 3 months of aerobic leg training 
caused a 9% increase of femoral artery size and 15-20% decrease in intima media thickness 
(IMT) and IMT/lumen ratio. No changes were observed in baseline blood flow and shear rate 
levels. It was suggested by the authors that baseline diameter adapt to peak shear stress during 
periods of high flow like in exercise, rather than to resting blood flow. In a study of Myachi et 
al., 10 young men performed 6 weeks of one-leg training, which was followed by 6 weeks of 
detraining.(120). Femoral artery cross-sectional area significantly increased by 16% in the 
trained leg and returned to baseline again after detraining. Structural changes in the femoral 
artery induced by training and detraining were positively and strongly associated with 
corresponding changes in one-leg peak-VO2. These findings support the assumption that 
conduit artery diameter is regulated in response to peak blood flow during exercise. In cross-
sectional studies it has been shown that reactive hyperaemic blood flow, as a marker for the 
vasodilator capacity of the vascular bed at the resistance level, is enhanced in trained subjects. 
Calf hyperaemic blood flow was 25% higher in endurance trained man compared with 
sedentary controls (121) and forearm hyperaemic blood flow was 42% higher in the dominant 
arm of tennis players compared with their non-dominant arm (122). In addition, 12 weeks of 
intensive swim training increased calf hyperaemic flow by 18% with no changes in resting 
blood flow (123) and 4 weeks of handgrip training enhanced forearm hyperaemic blood flow 
by 30% (124). Hence, evidence from exercise studies indicates that adaptations in vascular 
arterial dimension and hyperaemic blood flow occur within weeks/months following training, 
while, in general, resting blood flow is not affected (Table 1).  
Functional changes. In a recent review, Green (125) describes the effects of exercise training 
on endothelium derived NO function. In healthy subjects, four weeks of cycle training 
improved basal NO related endothelial function in the arm. Stimulated endothelium 
dependant vasodilation in conduit (126) and resistance arteries (127) improved after periods 
of 10 and 12 weeks of aerobic training, respectively. Subjects with initially impaired NO 
vasodilator function may respond more quickly to training, with improved endothelial 
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function after 4 weeks of localized (128) or systemic exercise training (129). However, 
exercise induced improvements in endothelial function are quickly lost following cessation of 
training. Previous studies reported that improved endothelial function returned to baseline 8 
weeks following cessation of training in patients with chronic heart failure (130), coronary 
artery disease (131), hypercolesterolemia (132), type 2 diabetes (133) and obesitas (134), all 
of whom had undergone an initial 8 weeks of training program.  
In summary, localized and systemic exercise consistently improves endothelial derived NO 
function in the presence of endothelial dysfunction within weeks/months (Table 1). In general, 
endothelium independent vasodilation does not change, indicating that specific changes occur 
at the level of the endothelium. Improvement in NO derived endothelial function may be the 
key to the beneficial effect of exercise on the risk of cardiovascular disease. In healthy 
subjects, the effect of exercise on endothelial derived NO function is less clear but systemic 
and a higher intensity or volume of exercise is probably required to improve endothelial 
function in this group.  
 
Aim and outline of the thesis 
 
Physical inactivity is an important and independent risk factor for atherosclerosis and 
cardiovascular diseases. Although the effect of exercise training on vascular dimension and 
function has been studied more extensively, the information on the adaptations in vascular 
dimension and function as a result of physical inactivity is not clear and the time course of 
vascular changes in humans is not known. The SCI population represents the most extreme on 
the total spectrum of deconditioning in humans and offers a unique opportunity to assess the 
time course of vascular adaptations to inactivity and paralyses as well as to increased physical 
activity such as after functional electrical stimulation training. Evidence from animal studies 
indicates a rapid onset of vascular adaptations, i.e., functional changes within days, followed 
by structural remodelling of the vessel diameter within days to weeks. In humans, the current 
literature derived from different models of deconditioning and exercise training studies 
suggests that vascular adaptations to (in)activity may occur within weeks, but the exact time 
course is not known. Endothelium-derived NO plays a key role in vascular adaptation 
processes and the importance of the endothelium in the maintenance of a healthy vasculature 
has been increasingly recognized, particular for NO and its mediated functions. The main aim 
of this thesis is to assess the magnitude and time course of arterial adaptations in vascular 
dimension and function in humans to extreme inactivity. In order to apply effective 
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interventions, insight into the time course of vascular adaptations is essential. The obtained 
results may have important clinical implications for the SCI population and will increase the 
human vascular physiology knowledge on the magnitude and time course of vascular 
adaptations to inactivity as well as to increased physical activity in humans.  
 
The following studies are presented in my thesis. Chapter 2 describes the reproducibility and 
application of a new ultrasound technique to measure the venous compliance and 
characteristic of one major vein and compares this method with traditional venous occlusion 
plethysmography measurements of the whole calf. Measurements were performed in able-
bodied controls and in SCI individuals, a patient population with known changes in the 
venous vascular system. Although changes in cardiac dimensions with different modes of 
inactivity seem to be well described nowadays, the effect of inactivity on diastolic cardiac 
function has hardly been investigated. In chapter 3 we report the effect of chronic 
deconditioning on cardiac function and dimension in a group of tetraplegic individuals and 
able-bodied control subjects. Chapter 4 describes the results from the time course of vascular 
adaptations from 6 weeks to 13 months after a spinal cord injury. A group of 15 SCI 
individuals with lesions varying from six weeks to 13 months after the spinal cord injury 
participated in a cross-sectional study, and 6 SCI individuals were included for longitudinal 
measurements at week 6, 8, 12, 20 and 24 after the trauma. Although extensive vascular 
adaptations occur in the inactive legs of chronic SCI individuals, no information is available 
on endothelial function in persons with SCI. Chapter 5 addresses the time course of early 
changes in vascular dimension and endothelial function within the first six weeks after a 
spinal cord injury. Six male SCI individuals were included immediately after their injury and 
based on severity of trauma related complications, patients were measured repetitively from 
week 1 to week 6 post-injury. In chapter 6 we studied Flow Mediated Dilation responses, a 
measure for conduit artery endothelial NO function, above and below the lesion in a group of 
chronic SCI individuals and a group of able-bodied controls. Based on the results in chapter 4 
we concluded that vascular adaptation in SCI individuals were largely completed within six 
weeks. Chapter 7 reports the effect and time course of 4 weeks of daily one-leg functional 
electrical stimulation training on two important preclinical atherosclerotic markers, arterial 
compliance and endothelial function. Measurements were performed before the training, and 
after 1, 2 and 4 weeks of training. Chapter 8 assesses the question whether passive exercise 
interventions, according to protocols as used in the clinical rehabilitation setting, affects the 
arterial circulation in SCI individuals and able-bodied controls. In chapter 9, the current 
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knowledge on the time course and magnitude of arterial vascular changes to inactivity in 
humans will be reviewed from available data from different human models of deconditioning 
including bed rest, limb immobilization and spinal cord injury (SCI). Finally in chapter 10, a 
summary of the main findings is presented and implications for future research are suggested.  
Chapter 11 contains the Dutch Summary.  
 
Methods applied  
 
Doppler Ultrasound 
 
Measurements arterial vascular characteristics 
Resting red blood cell velocity and diameter of common femoral artery (CFA), superficial 
femoral artery (SFA), brachial artery (BA) and carotid artery (CA) were measured using 
Doppler ultrasound (Megas, Esaote, FIRENZE, Italy) with a 5-7.5MHz broadband linear 
array transducer. Mean blood flow in ml/min was calculated as ¼ · ∏ · (D)2 · Vmean (cm/s) · 
60 and mean wall shear rate (MWSR) was calculated as 4 · Vmean/ D (s –1). For reactive 
hypereamia and Flow Mediated Dilation (FMD, figure 1) in the superficial and brachial 
artery, a cuff was placed around the upper thigh and forearm, respectively. The cuff was 
inflated to suprasystolic pressure (220 mmHg) for 10 minutes in the leg and 5 minutes in the 
arm. After cuff deflation, hyperemic blood flow velocity was recorded on videotape for he 
first 25 seconds, followed by a continuous registration of the vessel diameter for 5 minutes. 
After a resting period of 15 minutes to re-establish baseline conditions, nitroglycerin (0.4 mg, 
NTG) was administered sublingually to determine endothelium-independent vasodilatation, 
which is indicative for NO sitivity and smooth muscle function. Vessel diameter was recorded 
continuously between 2 and 6 minutes after the NTG administration. FMD responses and 
endothelium-independent vasodilatation were expressed as both the maximal absolute and 
relative diameter change in end-diastolic baseline diameter.  
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Figure 2. Flow Mediated Dilation (FMD). The physiological stimulus for endothelial nitric oxide (NO) 
production is increased shear stress from increased blood flow. NO is synthesized from L-arginine by the action 
of nitric oxide synthase (NOS). It activates smooth muscle cell guanylate cyclase, which relaxes smooth muscle 
by increasing the intracellular concentration of guanosine 3,5 cyclic monophosphate. FMD involves direct 
imaging of conduit artery diameter change using high resolution B-mode ultrasound and the percentage change 
from baseline diameter is a marker for conduit artery endothelium dependent NO function.    
 
Measurements venous characteristics   
Leg venous characteristics were assessed simultaneously, at the same horizontal level, with 
ultrasound (Megas, Esaote) and classical venous occlusion plethysmography. At first, two 
baseline images of the vena poplitea in the popliteal space were obtained and stored for off-
line analyses. Then, the test protocol started with a venous occlusion of 20 mmHg followed 
by subsequent cuff pressures of 40, 60, and 80 mmHg for 2, 3, 4, and 5 minutes, respectively. 
One-minute breaks between occlusions allowed for new baseline formation and prevented 
excessive edema. During the last minute of each stage, when a plateau was reached in the 
plethysmography signal, two longitudinal images of the diameter of the popliteal vein were 
obtained with ultrasound and stored for off-line analyses. For the venous occlusion 
plethysmography measurements, venous volume variation was defined as the maximal 
relative volume increase in a limb at a certain occlusion cuff pressure and these parameters 
were used for further compliance analyses according to the curvilinear Van Langen model 
(135). For ultrasound measurements, the cross-sectional area (πR2) of the vein at the different 
cuff pressures was used for further compliance analyses.  
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Cardiac measurements  
Echocardiographic measurements (Vingmed Five System, phased-array transducer 1.7-3.5 
MHz) were performed to measure resting cardiac dimensions, systolic function and diastolic 
function.  
Dimensions. From the M-mode echocardiogram, diameter of the aorta, left atrium, left 
ventricle at end-diastole (LVED) and at end-systole (LVES), end-diastolic wall thickness of 
the interventricular septum (IVS) and left ventricular posterior wall (LVPW) were measured. 
Length and width from the left atrium, and diameter of the vena cava inferior were measured 
with 2D images. Left ventricular mass was calculated and the ratio of LV end diastolic 
mass/volume ratio was used to evaluate the degree of wall thickness adaptation to chamber 
size changes.  
Systolic Function. Systolic function was expressed as ejection fraction and cardiac output. A 
measure of systolic performance corrected for afterload was calculated as the peak systolic 
pressure/end systolic volume ratio (PSP/ESV). 
Diastolic function. Parameters reflecting global diastolic function were measured with echo 
Doppler and color M-Mode. LV filling measured by transmitral pulsed-wave Doppler 
included E wave representing early filling during myocardial relaxation and an A-wave 
representing atrial systole. To quantify diastolic suction, color M-Mode measurements at the 
center of the mitral inflow region were obtained including early diastolic flow propagation 
velocity. More innovative Tissue Doppler Imaging (TDI) techniques were used to measure 
long-axis diastolic function.   
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Abstract 
 
Classical venous occlusion plethysmography (VOP) of the leg, often used to assess venous 
compliance, measures properties of the whole calf, including volume changes at the arterial 
side and the interstitial fluid accumulation that occurs due to the enhanced capillary pressure 
during venous occlusion. We present an ultrasound technique to measure the compliance of 
one major conduit vein in the leg. Ultrasound measurements of the popliteal vein were 
compared with classical VOP measurements, which were performed simultaneously in one 
subject. Six healthy individuals were measured on three occasions to assess short- and long-
term reproducibility of the measurements. Six motor complete spinal cord-injured individuals 
(SCI) were included to compare venous compliance in subjects with known pathological 
changes of the venous system with controls. The ultrasound and VOP measurements of 
venous compliance correlated significantly (r2 = 0.39, P = 0.001). Ultrasound provides 
reproducible measurements with short- and long-term coefficients of variation ranging from 
10 to 15% for popliteal vein compliance and from 2 to 9% for absolute diameters at the 
different venous pressure steps. In addition, using ultrasound we were able to detect an 80% 
reduction in the compliance of the popliteal vein in SCI compared with controls (P < 0.01). In 
conclusion, ultrasound is a suitable and reproducible method to measure conduit vein 
compliance and provides the possibility to specifically assess compliance of one vein instead 
of the whole calf.  
 
Introduction 
 
In 1669, Lower wrote in De Corde: “A defective pulse and languor of spirit are thus the 
sequel to over-dilation of these veins – venous dilation anywhere diminishes the movement of 
the heart very appreciably by diverting the due supply and inflow of blood”. Thus for more 
than 300 years, it has been recognized that venous vascular function is critical to maintenance 
of central blood volume and blood pressure in the upright position. A frequently used method 
to assess venous vascular function is venous occlusion plethysmography (VOP). Classical 
VOP measures relative volume changes after cuff inflation (1-3), whereas in a more recently 
introduced method, venous volume changes are measured during rapid cuff deflation (4). 
From the relative change in volume and the applied cuff pressures, a pressure-volume 
relationship can be described and venous compliance can be derived. Both methods, using 
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cuff inflation and deflation, have an acceptable to good reproducibility with coefficients of 
variation ranging from 5-15% (4-6). Although VOP using mercury strain gauges is 
inexpensive, non-invasive and relatively simple to use (1), it has its limitations. A 
disadvantage of VOP is that it measures volume change of the whole calf, including arterioles 
and other tissues. As a result, interstitial fluid accumulation due to enhanced venous and 
capillary pressures during cuff inflation will be included in the limb volume measurements 
and, consequently, venous volume changes may be overestimated. Methods have been 
proposed to solve these problems. Gamble et al (12) presented a method to separate venous 
filling from capillary filtration whereas measuring volume changes during rapid cuff 
deflation, as described by Halliwill et al (4), will minimize the contribution of interstitial fluid 
on measured venous volume variations.  
It is commonly believed that all whole-limb compliance methods differ from isolated-vein 
methods because of the impact of changes in blood flow on post-capillary venous pressures, 
i.e., vasoconstriction may mimic the effect of active venoconstriction by reducing pressure in 
the small post-capillary venules (7,8). Measuring compliance in a large conduit vein may 
overcome this problem, because the decrease in pressure and the contribution of vascular 
changes at the arterial side will be less prominent.  
Ultrasound, previously used for arterial compliance measurements, provides the possibility to 
measure aspects of one major vein, and is now clinically used to provide anatomical 
information on compression of a vein segment or hemodynamic information such as the 
presence of flow and retrograde flow in veins (9).  Vayssettes-Courchay et al. (10) measured 
the diameter of the saphenous vein using ultrasound in animals and calculated the venous 
compliance. They concluded that ultrasound allows the detection of pulsatile changes in the 
canine saphenous vein and thus permits calculation of both the pulsatile and the static (using 
external cuff pressures) compliance of superficial veins in vivo. The purpose of the present 
study was to investigate whether ultrasound can provide suitable and reproducible 
measurements of conduit vein compliance in humans. In order to accomplish this goal, we 
performed ultrasound measurements of the popliteal vein, emphasizing the compliance of one 
major vein, and made a comparison with the classical VOP method, which measures whole 
calf compliance. Both measurements were performed simultaneously in one subject. We 
calculated the reproducibility of the ultrasound and VOP measurements. In addition, a 
comparison of venous compliance was made between healthy control subjects and individuals 
with known pathological changes in the venous vascular system (spinal cord-injured 
individuals).  
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Methods 
 
Subjects 
Six able-bodied controls (C) and six spinal cord-injured (SCI) individuals participated in the 
study. None of the subjects had a history of cardiovascular disease, diabetes mellitus or deep 
venous thrombosis. None of the subjects used medication likely to interfere with the venous 
system. The SCI individuals had complete motor and sensor lesions (ASIA A) (11) at levels 
between C5 and L1, for at least one year. The hospital ethical committee approved the study 
and all subjects gave their written informed consent before participating. Subject 
characteristics are presented in table 1.  
 
Protocol and measurements 
For at least three hours prior to the tests, the subjects refrained from caffeine, alcohol and 
smoking. The measurements were performed in supine position in a quiet room with a 
constant temperature between 21 and 23°C. Leg venous characteristics were assessed 
simultaneously, at the same horizontal level, with ultrasound and mercury-in-silastic strain 
gauge venous occlusion plethysmography. The heels and feet rested on a foot support 23 cm 
above the examination table in order to empty the venous system and to enable measurements 
in the popliteal fossa. The upper legs were supported laterally by foam paths. After 
instrumentation of the subjects and a 15 minutes resting period with stable plethysmographic 
signals, test procedures were started. At first, two baseline images of the vena poplitea in the 
popliteal space were obtained and stored for off-line analyses (Figure 1). Then, the test 
protocol started with a venous occlusion of 20 mmHg followed by subsequent cuff pressures 
of 40, 60, and 80 mmHg. The effective pressure on the venous system was estimated as 0.8 
times the cuff pressure (1). The occlusions of 20, 40, 60, and 80 mmHg were sustained for 
pre-defined durations of 2, 3, 4, and 5 minutes, respectively. We designed our protocol with 
relatively short venous occlusions to emphasize contribution of the venous filling to calf 
compliance and limit the time for capillary filtration. In virtually all cases we achieved a 
plateau. One-minute breaks between occlusions allowed for new baseline formation and 
prevented excessive edema. During the last minute of each stage, when a plateau was reached 
in the plethysmography signal, two images of the diameter of the popliteal vein were obtained 
with ultrasound and stored for off-line analyses (Figure 1). Before and after the test, blood 
pressure was measured manually with a sphygmomanometer.  
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Short-term reproducibility (measurements performed on one day, separated by one hour) as 
well as long-term reproducibility (same measurement performed after one week) was assessed 
in the six healthy control subjects.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Longitudinal and cross-sectional ultrasound images from the popliteal vein at baseline and at the 
subsequent venous occlusion pressure of 20, 40, 60, and 80 mmHg of one representative subject. Note that the 
cross-sectional images provide evidence that the vein resembles a circle even at low venous pressures. 
 
Measurements  
Venous occlusion plethysmography 
Mercury-in-silastic strain gauges were stretched around the largest part of the right calf. A 
pressure cuff (Hokanson SC12L Bellevue WA 98005) was placed around the upper right leg 
and connected to a rapid cuff inflator (Hokanson Stopler E-20) to ensure rapid and accurate 
filling and deflating of the cuff. Changes in limb volume were measured by venous occlusion 
plethysmography according to the principle of Whitney (3). Data signals were collected by a 
data acquisition system (Midaq, Radboud University Nijmegen Medical Centre, the 
Netherlands) and analyzed in Matlab 6.5 (Mathworks Inc, US) with custom written software 
(Fysiomon).   
From the plethysmographic recordings the venous volume variation (ml/100ml), which is 
defined as the maximal volume increase at a certain cuff pressure, was determined. The 
venous volume variation for the cuff pressures of 20, 40, 60, and 80 mmHg was represented 
in a pressure-volume curve.  
Since the venous pressure-volume curves are non-linear, we analyzed our VOP data in a 
curvilinear fashion according to the formula of the three parameter model of Van Langen 
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(12). The parameters of the Van Langen model were optimized individually with the 
Levenberg-Marquardt algorithm to achieve optimal fitting of the pressure-volume curve to the 
measured venous volume variations. The first derivative of the obtained formula was used to 
calculate the venous compliance at the different cuff pressures.  
The Van Langen model uses 3 parameters, i.e. venous pressure P0, resting compliance C0 and 
the stiffness constant k, and has been demonstrated to give a proper description of the 
curvilinear venous-pressure relationship (12).   
Equation Van Langen model (12): C(P) = C0/(1+kC0 (P-P0))  
Ultrasound 
All diameters (cm) of the popliteal vein were measured with an ultrasound device (Megas, 
Esaote, Firenze, Italy) by using a 5-7 MHz linear transducer. Two consecutive images of the 
baseline diameter and the diameters at cuff pressures of 20, 40, 60, and 80 mmHg were frozen 
in the end-diastolic phase of the cardiac cycle, immediately before the QRS complex 
(recognized by means of a simultaneous ECG signal). It is suggested that changes in vein 
geometry al low pressures may account for most of the change in volume and that this is not 
really a function of the elastic properties of the vein. Therefore, vein geometry was 
determined in a cross-sectional view. Subsequently, longitudinal images were stored for off-
line analyses (Figure 1).   
Measurements were performed at the same anatomical location of the vein in the popliteal 
space. Figure 1 depicts the sequence of longitudinal and cross-sectional ultrasound images (at 
baseline and at each venous occlusion pressure). Vessel margins of the longitudinal images 
were defined from leading edge to leading edge. Three measurements were performed per 
diameter image, and the average of 6 diameters represents the mean diameter. Since the 
obtained cross-sectional images provide evidence that the shape of the vein resembles a circle 
even at low venous pressure levels, the cross-sectional area (πR2) of the vein at the different 
cuff pressures was used for further analyses to calculate the compliance according to the 
curvilinear Van Langen model (12). Moreover, a previous study has demonstrated that venous 
cross-sectional area can be calculated accurately with the diameters obtained from 
longitudinal images (13).   
 
Statistics  
A Pearson correlation coefficient was calculated between the compliance measured with VOP 
and the compliance measured with ultrasound. The coefficient of variation (CV) was 
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calculated following the classical approach based on the pooled SD derived from ANOVA, as 
described previously (14).  
CV’s for compliance at the different cuff pressures were calculated for both methods. 
Additionally, for all cuff pressures, CV’s were determined for the absolute popliteal vein 
diameters as measured with ultrasound and for the venous volume variations as measured 
with VOP. For biological variables, a CV of <10% is considered good and <20% acceptable 
(15). An unpaired Student’s t-test was applied to assess differences between SCI and C in 
subject characteristics, absolute diameters of the popliteal vein at different cuff pressures, and 
for the venous volume variation at the different cuff pressures. Repeated measurement 
ANOVA analyses were applied for venous compliance as measured with ultrasound and VOP 
(cuff pressure as within subjects factor and group as between subject factor). Additional post-
hoc t-tests were applied to assess differences between groups at the different cuff pressures. 
The level of statistical significance for all tests was set at 5%. Data are presented as mean ± 
SD, unless stated otherwise.  
  
Results  
 
Age, body mass, height, heart rate and blood pressure did not differ between the groups.  Calf 
circumference and baseline popliteal vein diameter was significantly lower in SCI compared 
with C (Table 1). 
 
Table 1: Subject characteristics of the spinal cord-injured individuals (SCI) and the healthy controls (C).  
Values are expressed as mean (SD). * P < 0.05, ** P  < 0.01 
  
SCI (n =6) 
 
C (n =6) 
Age (yrs)  32 (8) 34 (13)  
Body mass (kg) 67 (7) 75 (7)  
Height (cm) 176 (7) 180 (6) 
Calf circumference (cm) 30 (4) * 38 (4)  
Systolic blood pressure (mmHg) 118 (7) 120 (6) 
Diastolic blood pressure (mmHg) 71 (8) 73 (12) 
Resting popliteal vein diameter (cm) 0.30 (0.11) ** 0.53 (0.06) 
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Ultrasound versus VOP  
A significant correlation coefficient of 0.624; r2 = 0.39; P = 0.001) was found between the calf 
compliance measured with VOP and the compliance of the popliteal vein measured with 
ultrasound for all subjects (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Correlation between the compliance at the different cuff pressures as measured with ultrasound (x-
axis) and venous occlusion plethysmography (VOP) (y-axis) for all subjects. Black squares represent the control 
subjects (n=6) and grey squares represent the spinal cord-injured subjects (n=6).  
 
Reproducibility 
For the compliance data measured with VOP, short-term CV varies between 16 and 19% and 
long-term reproducibility between 16 and 20% (Table 2). Reproducibility of compliance 
measured with ultrasound ranges from 9 to 13% (short- term) and from 10 to 13% for long-
term reproducibility (Table 2). Short- and long-term CV’s of the absolute diameters of the 
popliteal vein at baseline and at the different cuff pressures (ultrasound) varies between 2 and 
9% (Table 2, Figure 3a), and CV’s for venous volume variation (VOP) range from 4-15% 
(Table 2, Figure 3b).  
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Table 2: Short- and long-term reproducibility (coefficient of variation, CV) of compliance at the different 
venous pressures (in mmHg) as measured with venous occlusion plethysmography (VOP) and ultrasound. In 
addition, short- and long-term CV’s are presented for venous volume variations (VVV) at the various venous 
pressures (measured with venous occlusion plethysmography) and absolute popliteal diameters at baseline and at 
the subsequent venous pressures (measured with ultrasound).   
 
                 
  Compliance   
 
VOP 
    
Compliance
 
Ultrasound  
 
Venous Pressure 
 
Short- term 
 
Long-term 
 
Short- term 
 
Long-term 
16 19.3% 19.9% 13.5% 13.2% 
32 16.3% 16.9% 10.0% 10.6% 
48 16.9% 16.4% 10.7% 11.4% 
64 17.7% 18.7% 8.8% 9.9% 
                 
           VVV  
 
VOP 
     
     Diameter
 
Ultrasound 
 
Venous Pressure 
 
Short- term 
 
Long-term 
 
Short- term 
 
Long-term 
Baseline    4.7% 8.8% 
16 8.8% 15.7% 8.7% 7.5% 
32 14.1% 10.2% 2.1% 5.7% 
48 5.3% 14.9% 3.2% 4.5% 
64 3.9% 13.3% 2.5% 4.9% 
 
The comparison of SCI with controls 
The diameter of the popliteal vein was significantly smaller in SCI compared with C at 
baseline and at all subsequent cuff pressures (P < 0.01, Figure 4A). The maximal volume 
variations as measured with VOP were significantly lower in SCI at venous cuff pressures of 
32 (P < 0.01), 48 and 64 (P < 0.05) (Figure 4B). Repeated measurement analysis of venous 
compliance showed a significant interaction effect between group (SCI and C) and cuff 
pressure for both ultrasound measurements (P < 0.01) and VOP (P < 0.01). Additional post-
hoc tests reveal significantly lower popliteal vein compliance at all cuff pressures in SCI 
compared with C (pressures 16 and 32; P < 0.01; pressure 48 and 64; P < 0.05, Figure 5A) 
whereas for the VOP measurements, compliance in SCI was significantly reduced at the lower 
pressure levels of 16 (P < 0.05) and 32 mmHg (P < 0.01) but not at the higher cuff pressures 
of 48 and 64 mmHg (Figure 5B).  
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Figure 3. Results of measurement 1, measurement 2, and measurement 3 as assessed with ultrasound (diameter 
(cm) at baseline and at subsequent venous pressures, 3A) and with venous occlusion plethysmography (venous 
volume variation (VVV in ml/100ml), 3B) in six healthy controls. Results are presented as mean ± SEM.  
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Figure 4. The diameter (cm) of the popliteal vein at different cuff pressures measured with ultrasound (figure 
4A) and the venous volume variation (VVV in ml/100ml) at different cuff pressure measured with venous 
occlusion plethysmography (VOP) (figure 4B) in 6 spinal cord-injured individuals (SCI) and 6 healthy controls 
(C). Results are presented as mean (SEM). ** P< 0.01,  * P< 0.05. 
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Discussion 
 
Ultrasound of the popliteal vein provides the possibility to specifically assess the compliance 
of one vein instead of whole calf compliance and appears to be a useful addition to the 
traditional venous occlusion plethysmography. The main results of the study are: 1) a 
significant correlation exists between leg venous compliance measured with classical VOP 
and compliance of the popliteal vein measured with ultrasound. 2) Ultrasound provides 
reproducible measurements of popliteal vein characteristics with short- and long-term 
coefficients of variation ranging from 10 to 15% for compliance and from 2 to 9% for 
absolute diameters at the various cuff pressures. 3) Diameter and compliance of the popliteal 
vein were significantly reduced in SCI, a patient population with known pathological changes 
in the venous properties of the legs.  
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Figure 5. Compliance at the different cuff pressures measured with ultrasound (5A) and venous occlusion 
plethysmography (VOP, 5B) in 6 spinal cord-injured individuals (SCI) and 6 healthy controls (C). Results are 
presented as mean ± SEM. ** P< 0.01,  * P< 0.05  
 
In this study, leg venous compliance was assessed non-invasively from ultrasound 
measurements of the popliteal vein diameter and from classical VOP measurements, which 
were performed simultaneously in one subject. Frequently, the relationship between venous 
volume variation and venous pressure is assumed to be linear. However, at low venous 
pressures, vascular compliance is high while at high venous pressures compliance is low, 
which is clearly indicated by graphically representations of venous pressure volume relations 
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(4,8,16). Therefore, the data of both ultrasound and VOP measurements were analyzed in a 
curvilinear fashion according to the recently described Van Langen model (12).  
Although VOP and ultrasound assess different properties of the leg, i.e. whole calf versus 
single vein compliance, respectively, a significant correlation coefficient was found indicating 
that VOP and ultrasound compliance measurements are functionally related to each other 
(17).  We reported an r2 value of 39% between the ultrasound and VOP measurements, 
indicating that a moderate part of the variation in whole calf compliance may be attributed to 
variation in conduit vein compliance. This is supported by observations by Buckey et al. (18) 
who assessed the contribution of the deep veins to total leg venous compliance and reported 
that most volume changes at different venous occlusion pressures are attributable to deep 
venous filling (represented by the popliteal vein), i.e. 90% at 40mmHg and 50% at 100 
mmHg. Two aspects may explain the somewhat lower percentage (39%) found in the present 
study, i.e., (i) the 2 methods measure different aspects of venous capacitance function and (ii) 
the confounding effects of edema and hysteresis in the VOP measurements. The latter may 
especially hold for higher occlusion pressures, where a true plateau is often not reached in the 
plethysmographic signal. In a previous study using VOP, Gamble et al (19) indicated that the 
time required for vascular volume filling ranges from 80 sec to 3 minutes for cuff pressures 
from 20 to 40 mmHg, respectively, the subsequent volume changes are caused by fluid 
filtration. With our cuff inflation durations we approached these time periods in order to have 
maximal contribution of venous filling and minimal contribution of capillary filtration to calf 
volume variation. In the ultrasound measurements we observed a relatively large diameter 
increase shortly after occlusion with no more changes in the size of the popliteal vein after 30-
60 seconds of occlusion. This supports the notion that ultrasound specifically assesses venous 
characteristics and not interstitial fluid accumulation.  
Previously, the diameter of one single vein has been assessed in superficial cutaneous veins 
with various techniques such as an optical method (20), a photoelectric device (21) linear 
differential transformer (LVDT) and ultrasound (10). However, subcutaneous vein 
measurements are associated with a high degree of intersubject variability (22) and one 
should realize that responses in these subcutaneous veins are less representative for total vein 
compliance since their primary function is heat dissipation and not blood storage and 
conduction (23). 
As a second aim of this study we assessed short- and long-term reproducibility of both 
methods. For VOP, compliance reproducibility varied between 16 and 20% and CV’s for 
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venous volume variations at the different cuff pressures were ranging from 4-15%, which is 
more or less in line with previous VOP studies assessing reproducibility (4-6).  
Using ultrasound, we reported CV’s ranging from 9 to 14% for popliteal vein compliance and 
from 2-9% for popliteal vein diameters at baseline and at the subsequent venous occlusion 
pressures. One previous study reported a coefficient of variation for resting diameter 
measurement of proximal veins of 15% (9) and a recent study evaluated the reproducibility of 
varicose vein diameters and reported a reproducibility error of 5% and 6% in supine and 
standing position, respectively (24). We are not aware of any study reporting on 
reproducibility of venous compliance assessed by ultrasound. For biological variables, the 
CV’s as reported in our study for the ultrasound measurements may be considered as 
acceptable to good (15).  
A third aim of our study was to assess leg venous compliance with both methods in a patient 
population (SCI) with known pathological changes in the venous vascular system. The 80% 
reduction in compliance of the popliteal vein and the 45% smaller diameter indicate that 
ultrasound is able to detect alterations in the venous vascular properties. These adaptations in 
the venous vascular bed in SCI individuals are most likely the result of marked muscle 
atrophy below the level of lesion with a concomitant vascular atrophy. The extensive muscle 
atrophy is illustrated by the significantly decreased calf circumference in SCI compared with 
C observed in the present study and supported by other studies (25,26).  
Using VOP to assess venous characteristics in SCI, we demonstrated a significant reduction in 
venous volume variation in SCI, ranging from 32-38% depending on the cuff pressures 
applied, which is in line with previous studies (25-28). A possible explanation for the 
discrepancy in venous compliance between ultrasound (reduced compliance at all pressures) 
and VOP (reduced compliance only at lower cuff pressures) may be that venous volume 
variation (VOP) at higher cuff pressures is affected by the appearance of edema and 
hysteresis, which is more pronounced in SCI than in C. As a result the differences in venous 
compliance between groups may be masked using VOP. In addition, previous studies suggest 
that calf compliance is inversely related to the leg muscle compartment and that a larger 
muscle mass may provide structural support, which limits vein expansion (29,30). It is well 
known that SCI individuals suffer from dramatic reductions in leg muscle mass (31), which 
may contribute to an overestimation of calf compliance by VOP at the higher cuff pressures in 
SCI. Ultrasound measures the properties of one major vein and may, therefore, be less 
susceptible to factors that affect calf compliance such as muscle atrophy.  Alternatively, 
muscle atrophy may affect compliance of venules more than of larger veins, suggesting that 
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ultrasound specifically assesses the larger conduit veins and provides useful additional 
information to VOP. 
In conclusion, we have presented a reproducible ultrasound technique for non-invasive 
assessment of venous function of one major vein of the leg in humans. This technique 
provides the possibility to specifically assess compliance of one vein instead of whole calf 
compliance and appears to be a useful complementary method to the traditional venous 
occlusion plethysmography.  
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Abstract  
 
Although changes in cardiac dimensions over the spectrum from activity to inactivity seem to 
be well described, the effect of inactivity on cardiac function is largely unknown. The main 
aim of this study was to assess the effect of chronic deconditioning on cardiac dimensions and 
function in a group of high-level spinal cord-injured individuals (SCI), who represent a 
human-in-vivo model of extreme inactivity.  A group of 7 male tetraplegics and 7 able-bodied 
controls were included in the study. Echocardiographic measurements were performed to 
measure resting cardiac dimensions, systolic function and global and long axis diastolic 
function. Left ventricular mass index was significantly lower in SCI compared with controls  
(90.8 ± 26 g/m2 versus 122 ± 28.9 g/m2; P = 0.05). In addition, dimensions of left ventricle, 
left atrium and vena cava inferior, were all significantly reduced in SCI compared with 
controls (P < 0.05). No differences between the groups were observed for any of the 
parameters reflecting systolic and global and long-axis diastolic function.  
In conclusion, tetraplegia is associated with a reduction in cardiac mass and dimensions. 
However, resting diastolic and systolic function is not altered with continued exposure to 
inactivity, suggesting a remodelling of the heart as a physiological adaptive process.  
 
Introduction 
 
Changes in physical activity lead to marked changes in cardiac structure, ranging from the 
“physiological hypertrophy” of the endurance trained athlete (1), to the “physiological 
atrophy” of chronically deconditioned patients. For example, a decrease in cardiac volumes, 
dimensions, and/or left ventricular (LV) mass in humans have been observed after a period of 
bed rest (2-12 weeks) (2, 3), space flight (4) and spinal cord injury (SCI) (5-7). Similar 
changes regarding LV dimensions (8) and cardiac mass (8, 9) were seen in adult rats after 
simulated microgravity by hind limb unloading.   
Although changes in cardiac dimensions with different modes of inactivity seem to be well 
described, the effect of inactivity on cardiac function has hardly been investigated. Only a few 
studies reported that cardiac output was reduced after periods of inactivity induced by bed rest 
or SCI (7, 10), whereas the effect of inactivity on diastolic function remains obscure. One 
previous study showed a reduction in LV distensibility and impaired cardiac function due to 
reduced filling after two weeks of bed rest (3).  
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SCI induces motor pareses of substantial parts of the musculature of the human body, which 
is especially true for tetraplegics having a cervical spinal cord lesion resulting in a complete 
paralysis of lower extremity, trunk, and upper extremity muscles (11). Consequently, these 
individuals develop a wheelchair bound inactive lifestyle, which is illustrated by maximal 
oxygen uptake values of approximately 0.7 L/min (12) or 12 ml/kg/min (13). Hence, 
tetraplegics represent the most extreme degree of inactivity possible in otherwise healthy 
individuals.   
Previous studies using echocardiography demonstrated a significant reduction in cardiac 
dimensions and mass in tetraplegic individuals (5, 7). However, the effect of tetraplegia on 
cardiac function is largely unknown. Therefore, the main objective of the present study was to 
assess the effect of chronic deconditioning on cardiac dimensions and function in a group of 
cervical spinal cord-injured individuals, who serve as a natural model for extreme inactivity. 
We hypothesize that tetraplegia is associated with reductions in both cardiac dimension and 
function compared with able-bodied individuals. In addition to more traditional measurements 
for cardiac dimension and function, we used innovative echocardiography techniques in our 
study to measure diastolic and systolic function.  
 
Methods 
 
Subjects  
Seven SCI males, aged between 28-48 yrs and seven able-bodied male controls, aged between 
27-48 yrs volunteered to participate in the study. SCI individuals had a motor complete 
neurologically-stable spinal cord lesion of traumatic origin at levels C5-C6 (American Spinal 
Injury Association ASIA A) (11) and time since injury varied between 4-30 years (17.7 ± 9.6 
yrs). Inclusion criteria for both groups included age < 50 yrs, no known coronary artery, 
cardiac, or pulmonary disease or other chronic medical problems that require regular medical 
therapy including cancer, diabetes and hypertension. Five SCI used medication for 
suppressing spasms, while two of them also used medicine for their bowel function. At the 
time of study, controls were low to moderately active ranging from normal daily activities to 
walking/cycling 2-3 hr/wk, while all SCI used an electric wheelchair in daily life locomotion. 
The ethical Committee of the Radboud University Medical Centre Nijmegen approved the 
study and all subjects provided written, informed consent before participation.  
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Protocol 
All measurements were performed in a quiet, temperature-controlled room (22°C to 24°C) at 
the Department of Cardiology of the Radboud University Hospital Nijmegen. Blood pressure 
was measured manually at the brachial artery by using a sphygmomanometer (Erkameter 
300). Body mass in SCI was measured using a specialized sitting scale (N.V. Mach: Utrecht, 
The Netherlands), while body mass of controls and height of both groups were taken from a 
medical questionnaire. Echocardiographic measurements using standard views and formulas 
as recommended by the American Society of Echocardiography (14-16) were obtained by one 
single cardiologist using Vingmed System Five (General Electrics, Horten, Norway). 
Echocardiography using the two-dimensional (2-D), M-mode, Doppler of mitral inflow and 
pulmonary venous velocities, and tissue Doppler imaging modalities of both the septum and 
lateral wall at the mitral annulus were performed with the subjects positioned in the left lateral 
decubitus position. Images were obtained in multiple cross-sectional planes using second 
harmonic imaging with a phased-array transducer (1.7-3.5 MHz) in standard positions. A lead 
II ECG was recorded simultaneously with the echo images. Raw data were stored digitally for 
off-line analysis using Echopac PC (version 2.0 General Electrics Medical System, Horten, 
Norway). For all measurements, three beats were averaged with the subject pausing during 
the respiratory cycle at end-expiration. Clear 2-D echocardiographic images could be obtained 
from all subjects. Cardiac dimensions, and cardiac output (CO) were corrected for body 
surface area (BSA) using the formula of Dubois (17). 
 
Measurements 
Dimensions 
From the M-mode echocardiogram, diameter of the aorta, left atrium (LA), left ventricle at 
end-diastole (LVED) and at end-systole (LVES), end-diastolic wall thickness of the 
interventricular septum (IVS) and left ventricular posterior wall (LVPW) were measured in 
the parasternal long-axis view. From the 2-D echocardiogram, length and width from the LA, 
and diameter of the vena cava inferior at end expiration were measured in the apical four-
chamber and subcostal view, respectively. LV mass was calculated following a geometric 
cube formula (18): (1.04 * ((LVED + LVPW + IVS)3 - LVED3) * 0.8 + 0.6)/1000. The ratio 
of LV end diastolic mass/volume ratio was used to evaluate the degree of wall thickness 
adaptation to chamber size changes.  
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Systolic function  
Ejection fraction was measured using the formula: ((LVEDV – LVESV)/LVEDV) * 100, 
where left ventricular end-diastolic volume (LVEDV) and left ventricular end-systolic volume 
(LVESV) from 2-D echocardiograms in the apical four-chamber view were determined using 
the single-plane Simpson’s rule method (19).  
CO was calculated by Doppler-derived stroke volume (SV) * heart rate (HR). Therefore, SV 
was measured using the formula: ¼*π* (LVOTdiameter)2* LVOTvti (LVOT: left ventricular 
outflow tract; VTI: velocity time integral). A measure of systolic performance corrected for 
afterload was calculated as the peak systolic pressure/end systolic volume ratio (PSP/ESV).  
Diastolic function 
Parameters reflecting global diastolic function were measured with the Echo-Doppler 
technique and color M-Mode. To measure filling velocities, standard LV inflow pulsed-wave 
Doppler measurements at the mitral leaflet tips were obtained including peak flow velocity of 
the early rapid filling wave (E(-wave)), peak flow velocity of the late filling wave due to atrial 
contraction (A(-wave)), the E/A ratio, early deceleration time (Dt), and isovolumetric 
relaxation time (IVRT). In addition, LA inflow pulsed-wave Doppler measurements were 
obtained including pulmonary venous flow velocities in both diastole (D) and systole (S), and 
the S/D ratio. To quantify diastolic suction, color M-Mode measurements at the center of the 
mitral inflow region were obtained including early diastolic flow propagation velocity (vp).  
Parameters reflecting long-axis diastolic function were measured with Tissue Doppler 
Imaging (TDI) technique. To measure myocardial relaxation, pulsed-wave TDI measurements 
at the septal and lateral mitral annulus were obtained including early LV systolic myocardial 
tissue contraction velocity (Sm (-wave)), peak early LV diastolic myocardial tissue filling 
velocity (Em(-wave)), and peak late LV diastolic myocardial tissue filling velocity during 
atrial contraction (Am(-wave)).  
 
Statistical analysis 
Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS 
10.0 for Windows). All data are expressed as mean ± standard deviation (SD). Differences in 
physical and echocardiographic measurements between both groups were analyzed using an 
unpaired Student’s t-test. Two-tailed significance levels were employed throughout. For all 
statistics, a P-value ≤ 0.05 was considered statistically significant.  
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Results 
 
Baseline characteristics 
Both groups were well matched for age, gender, height, body mass and BSA. SCI had 
significantly lower values of systolic and diastolic blood pressure compared with controls. 
Heart rate and stroke volume did not differ between the groups (Table 1).  
 
Table 1. Subject characteristics (mean ± SD) of spinal cord-injured individuals (SCI) and able-bodied controls 
(C). BSA, body surface area; BP, blood pressure; HR, heart rate; SV, stroke volume, *p < 0.05, SCI versus C.  
  
SCI (n = 7) 
 
C (n = 7) 
Age (yr) 38 ± 8 37 ± 8 
Height (cm) 180 ± 6 178 ± 7 
Weight (kg) 72 ± 14 72 ± 7 
BSA (m2) 1.9 ± 0.2 1.9 ± 0.1 
SBP (mmHg) 97 ± 10* 125 ± 6 
DBP (mmHg) 61 ± 4* 79 ± 10 
HR (bpm) 53 ± 8 58 ± 10 
SV (ml) 73 ± 20 88 ± 34 
 
Dimensions  
Since BSA values did not differ between groups, data corrected for BSA, with the exception 
of LV mass, will not be taken into consideration, and only absolute values are presented (table 
2). LV dimensions were significantly smaller in SCI compared with controls, which is 
indicated by a 12% reduction in left ventricle in end-diastole and a 14% reduction in left 
ventricle in end-systole. LV mass index was significantly reduced (26%) in SCI compared 
with controls. In addition, LA size (21%) and the diameter of the vena cava inferior (28%) 
were significantly smaller in SCI than in the control group. No differences between groups 
were observed for aorta diameter, IVS, LVPW, LVEDV and LVESV. Also, the mass/volume 
ratio did not differ between the groups (Table 2).   
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Table 2. Cardiac dimensions (mean ± SD) of spinal cord-injured individuals (SCI) and able-bodied controls (C). 
AO, diameter of aorta; LA, diameter of left atrium; LVED, diameter of left ventricle at end diastole; LVES, 
diameter of left ventricle at end systole; IVS, thickness of interventricular septum; LVPW, thickness of left 
ventricular posterior wall; VCI, diameter of the vena cava inferior at end expiration; LVEDV, left ventricular 
end-diastolic volume; LVESV, left ventricular end-systolic volume. M/V ratio; left ventricular mass/left 
ventricle end diastolic volume.  *p < 0.05 SCI versus C.  
  
SCI (n = 7) 
 
C (n = 7) 
 
P-value 
AO (mm) 31.0 ± 4.1 26.1 ± 1.6 0.12 
LA (mm) 32.8 ± 5.7 41.5 ± 7.7 0.03* 
LVED (mm) 48.1 ± 3.6 54.6 ± 4.4 0.01* 
LVES (mm) 30.1 ± 1.5 34.9 ± 2.7 <0.001* 
IVS (mm) 7.2 ± 1.1 7.9 ± 1.0 0.29 
LVPW (mm) 7.5 ± 1.3 7.4 ± 1.0 0.89 
LA length (mm) 48.4 ± 6.7 52.3 ± 8.9 0.38 
LA width (mm) 31.0 ± 7.3 41.1 ± 6.7 0.02* 
VCI (mm) 16.0 ± 4.2 22.3 ± 2.1 0.01* 
LV mass index (g/m2) 90.8 ± 26.0 122.2 ± 28.9 0.05* 
LVEDV (ml) 87.0 ± 15.5 107.1 ± 24.5 0.10 
LVESV (ml) 37.8 ± 7.9 42.0 ± 12.4 0.47 
M/V ratio 1.06 (0.27) 1.16 (0.23) 0.48 
 
 
Systolic function 
Both ejection fraction as well as CO did not reach statistical significance between groups, 
although there was a trend for a decrease in cardiac output in SCI compared with controls. In 
addition, no differences between the groups were observed in the afterload corrected systolic 
performance PSP/ESV (Table 3).  
 
Table 3. Systolic function parameters (mean ± SD) of spinal cord-injured individuals (SCI) versus able-bodied 
controls (C). CO, Cardiac Output, EF, Ejection Fraction, PSP/ESV, Ratio Peak Systolic Pressure/End Systolic 
Volume.  
  
SCI (n = 7) 
 
C (n = 7) 
 
P-value 
CO (l/min) 3.71 (0.78) 4.7 (0.98) 0.06 
EF (%) 55.4 (11.9) 60.7 (4.1) 0.30 
PSP/ESV 2.65 (0.67) 3.15 (0.67) 0.20 
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Diastolic function 
No significant differences between the groups were observed for any of parameters reflecting 
diastolic function (Table 4 and Table 5).  
Table 4.  Measurements of global diastolic function (mean ± SD) of spinal cord-injured individuals (SCI) and 
able-bodied controls (C). E, early transmitral filling velocity; A, late transmitral filling velocity due to atrial 
contraction; Dt, deceleration time of early transmitral filling velocity; IVRT, isovolumic relaxation time; S, 
pulmonary venous flow velocity in systole; D, pulmonary venous flow velocity in diastole; vp, early diastolic 
flow propagation velocity. 
 SCI (n = 7) C (n = 7) P-value 
E (cm/s) 80 ± 11 81 ± 13 0.81 
A (cm/s) 48 ± 14 48 ± 14 0.95 
E/A 1.8 ± 0.5 1.8 ± 0.4 0.94 
Dt (msec) 193 ± 36 181 ± 23 0.46 
IVRT (msec) 94 ± 21 83 ± 33 0.46 
S (cm/s) 50 ± 7 52 ± 7 0.56 
D (cm/s) 62 ± 12 55 ± 10 0.24 
S/D 0.8 ± 0.2 1.0 ± 0.3 0.31 
vp (cm/s) 61 ± 16 57 ± 13 0.60 
E/vp 1.4 ± 0.3 1.5 ± 0.6 0.55 
 
Table 5. Pulsed-wave tissue Doppler imaging measurements at the septal and lateral mitral annulus (mean ± SD) 
representing long-axis diastolic function of spinal cord-injured individuals (SCI) and able-bodied controls (C). 
Sm’s, early systolic myocardial tissue emptying velocity from the septal wall; Em’s, early diastolic myocardial 
tissue filling velocity from the septal wall; Am’s, late diastolic myocardial filling velocity from the septal wall; 
Sm’l, early systolic myocardial tissue emptying velocity from the lateral wall; Em’l, early diastolic myocardial 
tissue filling velocity from the lateral wall; Am’l, late diastolic myocardial filling velocity from the lateral wall; 
Em, early LV diastolic myocardial tissue filling velocity; E, early transmitral filling velocity.  
 SCI (n = 6) C (n = 7) P-value 
Sm’s (cm/s) 7 ± 2 8 ± 1 0.42 
Em’s (cm/s) 11 ± 3 13 ± 1 0.12 
Am’s (cm/s) 7 ± 2 9 ± 2 0.16 
Sm’l (cm/s) 8 ± 3 7 ± 2 0.68 
Em’l (cm/s) 14 ± 7 16 ± 3 0.52 
Am’l (cm/s) 7 ± 2 8 ± 2 0.30 
Em (cm/s) 12 ± 5 15 ± 2 0.35 
E/Em 6.8 ± 2.0 5.6 ± 0.7 0.22 
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Discussion 
 
In the present study we assessed the morphological and functional adaptations of the heart 
after years of extreme inactivity in individuals with tetraplegia. LV mass index and cardiac 
dimensions of the LV and LA were all significantly lower in SCI than in controls. However, 
the major finding of this study is that our results reveal no significant differences between 
both groups with respect to any of the parameters reflecting resting diastolic and systolic 
function. The present study demonstrates that resting cardiac function measured by 
echocardiography is not altered after extreme, long-term inactivity.  
Dimensions 
We found that cardiac dimensions and mass are lower in SCI than in able-bodied controls, 
which is in accordance with previous findings (5-7). A tetraplegia means a disruption of the 
structural and functional integrity of the cervical spinal cord, which results in muscle 
paralyses below the level of the lesion and loss of supraspinal autonomic control. As a 
consequence of the deconditioning of a large part of the body, leading to extensive muscle 
atrophy, oxygen demand is low, resulting in a low cardiac load (20). Oxygen delivery will be 
geared accordingly, which leads, most likely via flow-dependent mechanisms, to vascular 
atrophy and to a lower total blood volume in tetraplegia (21, 22). Both vascular atrophy and a 
reduced total blood volume further reduces cardiac filling, stroke volume and cardiac output 
(23). As a result of the sympathetic dysfunction in SCI, systemic blood pressures may be 
altered influencing cardiac dimensions as well (24). In the periphery, vasoregulation and 
muscle pump activity in areas below the spinal cord lesion are absent, thereby disturbing the 
redistribution of blood, and hence, attenuating cardiac preload, which causes a reduction in 
mean systemic filling pressure and left ventricle end-diastolic volume (5, 7, 25). Tetraplegics 
also have a lack of cardiac sympathetic innervation, manifested by heart rate, causing further 
impairment of cardiac performance (12, 13).  
As a consequence of the above described adaptive mechanisms, LV wall stress may decrease, 
which could result in the ‘adaptive’ cardiac atrophy (4, 5).  
The importance of calcium in the control of cardiac function is well established. However, the 
role of calcium as a key second messenger in signal transduction pathways that control the 
growth of the heart has only recently been recognized (26). Previous studies have suggested 
an important role of sympathetic mediated pathways, particularly the calcium-dependant 
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protein phosphate calcineurin, in regulating the homeostatic size of the heart in response to 
load-associated alterations in calcium handling (27).  
In the present study we considered a spinal cord injury as an example of extreme and long-
term inactivity. We chose tetraplegics (time since injury 4-30 years), since these patients 
represent the lowest extreme on a spectrum of activity. Sustained bed rest deconditioning and 
space flight (or simulated microgravity) are alternative models of inactivity and could also be 
seen as models of chronic cardiac unloading. Although SCI is accompanied by sympathetic 
dysfunction influencing peripheral and central circulatory regulation, there is ample evidence 
that the effects of bed rest (3, 4) and microgravity (4) on LV dimensions and mass are in line 
with the cardiac effects seen after SCI. Figure 1 illustrates the wide range in left ventricular 
mass across the total spectrum of activity from the spinal cord injured-individual towards the 
endurance trained athlete.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. LV mass (normalized to body surface area, g/m2) as % of baseline or control across the total spectrum 
of physical activity from extreme deconditioning (spinal cord injury, present study), bed rest (4) to the endurance 
trained athletes (31).  
 
Diastolic function 
One of the most important clinical consequences of cardiac atrophy may be related to 
diastolic as opposed to systolic function (4). Impairment of diastolic function has been 
recognized as an important component of heart failure (28, 29), which is characterized by 
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impaired LV function (30). Hence, changes in diastolic filling associated with longstanding 
inactivity may be a specific risk factor for the development of heart failure. 
Previous studies indicate that inactivity induced by bed rest and space flight is associated with 
impaired compliance (2, 4). A recent study in elite athletes with ventricular hypertrophy 
reported that after a period of ‘relative inactivity following their off season’, the rate of 
ventricular relaxation during early diastole (as measured with Color M-Mode Doppler flow 
propogation velocity, a measure which is relative insensitive to changes in preload) may be 
slowed (31). However, the authors state that it is unlikely that the impaired flow propogation 
velocity in these ‘inactive’ athletes’’ is indicative for diastolic dysfunction. In the present 
study it is shown that measures of flow propogation velocity did not differ between the 
chronically inactive tetraplegics and the able-bodied controls.    
Normally, global diastolic function expressed as LV filling measured by transmitral pulsed-
wave Doppler shows a pattern of filling velocities with a prominent E-wave representing 
early filling during myocardial relaxation and a less prominent A-wave representing atrial 
systole (32). In the present study we expected that the extreme and long-term inactivity in SCI 
would be associated with diastolic dysfunction. However, normal E/A velocity patterns were 
observed in SCI as well as in C. It is known that these parameters are sometimes significantly 
altered by intracardiac filling pressures (33), making it difficult to tell at any given point in 
time whether a specific patient has a normal diastolic function or a pseudonormalized pattern 
with relatively advanced diastolic dysfunction (34). Pseudonormalization may be 
distinguished from a normally velocity pattern by a pulmonary flow ratio S/D < 1 (S/D ratio 
not significantly different between groups SCI: 0.8; Controls: 1). In addition, a pseudonormal 
pattern is evidenced by any of the following: Vp < 45 cm/s (< 55 cm/s in persons < 30 years), 
E/vp > 1.5 (32) and Em > 8 cm/s in juvenile patients as in the present study (35) (table 3 and 
4). These parameters are relatively insensitive to (changes in), and relate well with mean left 
atrial (or pulmonary capillary wedge) pressure (32, 35). In the present study, SCI and C did 
not fulfill any of the above-mentioned criteria, indicating a normal diastolic function in SCI. 
To make a complete distinction between normal and abnormal LV filling velocity patterns, 
we quantified mitral inflow velocities with Tissue Doppler Imaging (TDI). In contrast to 
traditional Doppler imaging of the blood pool, TDI detects the velocity of the myocardium 
during systole and diastole (36), thereby studying longitudinal (i.e. septal and lateral wall at 
the mitral annulus) diastolic function. Also with TDI technique, no differences were observed 
between groups and the results of our study clearly indicate that there is no evidence for any 
grade of global or local diastolic dysfunction in SCI. 
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Systolic function 
Systolic performance is a key determinant of diastolic function, particularly the early 
relaxation that depends in part on systolic contraction to engage the restoring forces that lead 
to diastolic suction. Systolic function in turn is affected by diastolic function and LV filling 
via the Frank-Starling mechanism. Thus, a comprehensive examination of diastolic function 
would be incomplete without careful attention to systolic function as well.  
In the present study, systolic function expressed as ejection fraction or cardiac output was not 
significantly altered in SCI compared with C, although there was a trend for a decrease in 
cardiac output in SCI individuals. Previous studies assessing cardiac output in inactivity 
models report inconsistent results with some studies describing a decrease in cardiac output 
after periods of inactivity by bed rest (10) or SCI (7) while other studies in space flight (37), 
or in persons with SCI (6) did not report any changes in cardiac output. In accordance with 
our findings, previous studies measuring ejection fraction after bed rest (38), space flight (39), 
or SCI (6, 40) did not report any changes. Since afterload may be different between the 
groups, we also determined the PSP/ESV ratio, which is a measure for afterload corrected 
systolic performance. However, the PSP/ESV ratio was not different between the groups 
Hence, despite our extensive measurements regarding diastolic and systolic function, the 
results observed in the present study reject (the second part of) our hypothesis that tetraplegia 
is associated with decrements in resting cardiac function compared with able-bodied 
individuals. This raises the question how it is possible that cardiac function is preserved with 
altered cardiac dimensions after such long periods of extreme inactivity. Theoretically, 
alterations in dimension could result in some sort of cardiac remodeling as a normal 
physiological adaptive response of the myocardium, in which LV dimensions decreases to 
maintain wall stress (4). Such adaptations may represent an appropriate response to inactivity 
without compromising ‘normal’ cardiovascular function. 
Study limitations  
 We consider the SCI population as a unique ‘human model of nature’ to assess central 
adaptations to extreme inactivity. As valuable as information is from this patient population, 
one should be cautious to extrapolate these results to the general population, because of other 
unique pathologies underlying SCI, such as disturbed sympathetic innervation. However, 
evidence that inactivity may be the main cause of the cardiac adaptations in SCI, comes from 
studies that demonstrate that most of the adaptations are reversible by Functional Electrical 
Stimulation (FES) training of the paralyzed muscles. Central adaptations to FES training in 
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SCI include increases in LV mass (5), increases in LV dimensions such as LVED (6), IVS, 
LVPW (5), and increases in stroke volume and CO (6, 41). 
In the present study, we assessed cardiac function only in resting supine condition. It is of 
interest however, whether cardiac function after long term deconditioning is also preserved 
under conditions of stress such as exercise, LBNP or orthostatic stress. Future studies are 
recommended to assess this issue.   
In conclusion, the results of the present study confirm our hypothesis that extreme, long-term 
inactivity, as in tetraplegia, is associated with decrements in cardiac mass and dimension. 
However, resting diastolic and systolic function is not altered by continued exposure to 
inactivity. A decreased overall heart size may represent an appropriate physiological response 
to inactivity without compromising ‘normal’ cardiovascular function.  
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Time course of arterial vascular adaptations to inactivity and paralyses in humans 
Abstract 
 
The aim of the present study was to assess the time course of vascular adaptations to 
inactivity and paralyses in humans. The spinal cord-injured (SCI) population offers a unique 
‘human model of nature’ to assess peripheral vascular adaptations and its time course to 
extreme inactivity and paralyses.  
Arterial diameters and red blood cell velocity of the carotid artery (CA), common femoral 
artery (FA) and brachial artery (BA) were measured using Doppler ultrasound. Fifteen SCI 
persons with lesions varying from 6 weeks to 13 months post-injury participated in a cross-
sectional study (SCI-CS), 6 SCI individuals were included for longitudinal measurements 
(SCI-L) at week 6, 8, 12, 16, 20 and 24 after the trauma, and 16 able-bodied individuals 
served as a control group (C).  
Within six weeks after the spinal cord injury, diameter (SCI-CS: 0.68 ± 0.09 cm, SCI- L: 0.67 
± 0.04 cm, C: 0.95 ± 0.07 cm) and blood flow (SCI-CS: 299 ± 112 ml/min, SCI- L 279: ± 52 
ml/min, C: 405 ± 97 ml/min) of the femoral artery were significantly reduced (p < 0.001), and 
local femoral wall shear rate was almost doubled in SCI-CS and SC-L compared with C (p < 
0.001). No further changes in femoral arterial properties were observed between week 6 and 
13 months post-injury in SCI-L as well as SCI-CS. Carotid and brachial artery diameter and 
flow were similar in SCI and C and did not change between 6 weeks and 13 months after the 
injury. We conclude that the process of vascular adaptations to inactivity and paralyses in 
humans seems to be largely completed within weeks.   
 
Introduction 
 
Previous studies suggest that deconditioning leads to detrimental vascular adaptations such as 
flow reduction, decreased diameter an endothelial dysfunction (1-5). The time course of 
vascular adaptations to inactivity in humans is unknown. Animal experiments have shown 
that a decreased blood flow leads to arterial vasoconstriction in the acute phase, i.e. days, 
which is followed by structural remodelling of the vessel diameter within 2-3 weeks (3,5,6). 
Folkow  (7) hypothesized that structural vascular adaptations in humans may be largely 
completed within a few months, presumably reflecting the five to six fold lower metabolic 
rate in humans than in small animals such as rats and rabbits (3,5,6). 
Bed rest studies using plethysmography (1,8,9) or Doppler ultrasound (10) to measure leg 
blood flow report conflicting results with some studies showing no changes in leg blood flow 
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and other studies documenting a decrease in leg blood flow after periods of bed rest varying 
from 10 – 41 days. Moreover, none of these bed rest studies provide information on changes 
in arterial vessel diameter. Apparently, bed rest studies do not give clear answers related to 
the time course, nor direction of vascular adaptations in humans. In individuals with 
longstanding spinal cord injury (SCI), extensive arterial vascular adaptations to inactivity 
have been reported to occur, indicated by a 40% decrease in diameter and a 70% reduction in 
blood flow of the common femoral artery (2,11,12). In spinal cord-injured individuals, the 
part of the body below the lesion level is paralyzed and thus extremely inactive, independent 
of the personal fitness status. The spinal cord-injured population therefore offers a unique 
‘human model of nature’ to assess the time course of peripheral vascular adaptations to 
extreme inactivity and paralyses.  
The aim of the present study is to assess the time course of vascular adaptations to inactivity 
and paralyses in humans. For this purpose, vascular properties in spinal cord-injured 
individuals are studied during the first 13 months after the injury by using a cross-sectional 
and a longitudinal study design. Based on animal research and limited evidence from human 
studies we hypothesize that vascular adaptations to extreme inactivity in the spinal cord-
injured population occur within 3-6 months after the injury.  
 
Material and Methods  
 
Subjects  
Cross-sectional part of the study 
Ten male and five female SCI individuals with traumatic motor complete spinal cord lesions 
between C4 and L1 participated in this study (SCI-CS). Time since injury varied between 6 
weeks and 13 months (mean 6.4 ± 4.2 months). 
Longitudinal part of the study 
Four male and two female SCI subjects with traumatic motor complete spinal cord injuries 
between T5 and L1 were included (SCI-L), six weeks after the lesion and followed up to 6 
months post-injury. Sixteen able-bodied individuals (12 male, 4 female) served as a control 
group (C). All SCI subjects underwent a regular comprehensive medical examination in the 
rehabilitation clinic. This included a detailed physical and medical history, sensor-motor 
neurological examination to determine the level and completeness of the lesion, a 12 lead 
ECG, blood pressure measurements, cardiac and pulmonary auscultation and a venous blood 
sample for general screening. In the controls, a questionnaire was used in which detailed 
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physical and medical history was reported. From the examination, none of the subjects had 
any cardiovascular diseases and used medications known to interfere with the cardiovascular 
system. The Medical Ethical Committee of the University of Nijmegen approved the study 
and all subjects provided written, informed consent before participating. Subject 
characteristics are presented in Table 1.  
 
Table 1: Subject characteristics of the spinal cord-injured individuals in the cross-sectional study (SCI-CS), the 
spinal cord-injured individuals in the longitudinal study (SCI-L) and the control subjects (C). Values are 
expressed as mean (SD). * Significantly different from C.  
  
SCI-CS (n =15) 
 
SCI -L (n=6) 
 
C  (n=16) 
 
P-Value 
Age (yrs)  33 (11) 31 (2) 29 (9) NS 
Body Mass (kg) 70 (10) 61 (6) * 72 (8) 0.003 
Height (cm) 175 (6) 177 (8) 179 (9) NS 
BSA (m2) 1.81 (13) 1.77 (11) 1.92 (16) NS 
 Blood Pressure (mmHg)  113/69 (13/12) 117/69 (4/7) 120/70 (5/6) NS 
 
Protocol  
For all measurements, the same testing procedures were carried out. SCI individuals 
participating in the cross-sectional parts of the study were all measured once. For the 
longitudinal study, repeated measurements were performed in week 6, 8, 12, 16, 20 and 24 
after the injury. All measurements were carried out in resting supine position between 7.00 
and 9.00 AM after an overnight fast. Subjects were asked to empty their bladder before 
examination and they refrained from alcohol, caffeine, nicotine and exercise at least 12 hours 
prior to the test. A portable echo Doppler device (Megas, ESAOTE Firenze, Italy) was used to 
measure resting systolic and diastolic arterial diameters and red blood cell velocity of the left 
common carotid artery (CA), right and left common femoral artery (FA) and right brachial 
artery (BA). The same investigator performed all measurements. Blood pressure was 
measured manually at the brachial artery before the echo Doppler measurements by using a 
sphygmomanometer. Reproducibility of the echo Doppler measurements was assessed in six 
control subjects who where measured twice within one week.  
 
Measurements and data analyses  
Red blood cell velocities and the systolic and diastolic vessel diameter of each artery were 
measured with a portable Doppler ultrasound device with a 5-7.5 MHz broadband linear array 
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transducer. The sample volume was placed in the center of each vessel, approximately 1.5 cm 
proximal of the bifurcation of the left CA into the external and internal carotid artery and for 
the FA just below the inguinal ligament, about 2 cm proximal of the bifurcation into the deep 
and superficial femoral artery. Brachial images were obtained approximately 3 cm proximal 
to the olecranon process. The angle of inclination for the velocity measurements was 
consistently below 60 degrees and the vessel area was adjusted parallel to the transducer. 
From each artery, 4 images with a total of 10-12 velocity profiles were obtained and manually 
traced afterwards by a single investigator. An average of these 10-12 doppler spectra 
waveforms was calculated for peak red blood cell velocity (Vpeak) and mean red blood cell 
velocity (Vmean). For diameter measurements, two consecutive images in the longitudinal 
view were frozen at the peak systolic and end diastolic phase. Off line, 3 measurements were 
conducted per diameter image and averaged values were calculated. Mean diameter (Dmean) 
was then calculated by using the formula: 1/3 · systolic diameter (Dsys) + 2/3 · diastolic 
diameter (Ddias). Blood flow in ml/min was calculated as (0.25 · ∏· Dmean2 · V Mean · 60) 
(ml/min). The regional peak wall shear rate (PWSR) was calculated as (4· Vpeak/Dsys) (s–1). 
Mean wall shear rate (MWSR) was calculated as (4·Vmean/Dmean) (s–1) (13).  
 
Statistical analyses 
Statistical analyses were performed using SPSS 8.0. A student t-test for independent groups 
was used to test differences in subject characteristic between the groups and to assess 
differences in diameter, blood flow and PWSR and MWSR in CA, FA and BA between C and 
SCI-CS and C and SCI–L (results from week 6 post-injury). A paired t–test was used to 
assess differences between left and right femoral artery characteristics. In the cross-sectional 
study, a Pearson correlation coefficient was obtained between time since injury and the 
dependent variables diameter, blood flow, PWSR and MWSR for CA, FA and BA. For the 
longitudinal measurements a trend analyses was accomplished. Mean slopes were calculated 
for each variable and 95% confidence intervals were determined according to the formula 
(mean slope ± 2.571 * (SD/√n)). Time since injury and the various dependent variables were 
considered to be significantly related when the slope value was not within the 95% confidence 
interval and thus, was significantly different from zero. The reproducibility error was 
calculated according to: √ ∑ (d2/2n), expressed as percentage of the indicated parameter, in 
which d is the difference between the two measurements and n is the number of subjects. The 
level of statistical significance for all tests was set at 5%. 
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Results 
 
Age, height, body surface area (BSA) and blood pressure did not differ between the three 
groups. Body mass was significantly lower in SCI-L compared with C (p = 0.003) (table 1). 
The coefficient of variation for the CA, FA and BA measurements in six able-bodied subjects 
varied from 1-3% for diameter, 6-10% for blood flow and 7-10% for wall shear rate.  
 
Table 2: Diameter, blood flow, peak wall shear rate (PWSR) and mean wall shear rate (MWSR) of the carotid 
artery (CA), the femoral artery (FA) and the brachial artery (BA) in spinal cord-injured individuals in the cross-
sectional study (SCI-CS), spinal cord-injured individuals in the longitudinal study (SCI-L, values presented are 
the 6 weeks post-injury data), and the control subjects (C). Values are expressed as mean (SD). * Significantly 
different from C.  
 
Carotid Artery 
 
SCI-CS (n =15) 
 
SCI-L (n=6) 
 
C (n=16) 
 
P-Value 
Diameter (cm) 0.62 (0.02) 0.61 (0.004) 0.62 (0.02) NS 
Flow (ml/min) 272 (90) 270 (30) 303 (31) NS 
PWSR (s –1) 485 (126) * 496 (57) * 624 (58) < 0.001 
MWSR (s –1) 94 (20) 93 (10) 106 (13) NS 
 
Femoral Artery 
    
Diameter (cm) 0.68 (0.09)* 0.67 (0.04) * 0.95 (0.07) < 0.001 
Flow (ml/min) 299 (112) * 279 (52) * 405 (97) < 0.001 
PWSR (s –1) 620 (144) * 665 (158) * 422 (123) < 0.001 
MWSR (s –1) 82 (29) * 82 (26) * 41 (11) < 0.001 
 
Brachial Artery  
    
Diameter (cm) 0.36 (0.05) 0.36 (0.06) 0.39 (0.04) NS 
Flow (ml/min) 36 (23) 40 (5) 35 (13) NS 
PWSR (s –1) 762 (228) 769 (126) 795 (157) NS 
MWSR (s –1) 46 (15) 53 (12) 47 (15) NS 
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Cross-sectional Study 
Carotid Artery 
Diameter, blood flow and MWSR of the CA were not different between SCI-CS and C (figure 
1+2). PWSR was significantly lower in SCI-CS than in C (p < 0.001) (table 2). No significant 
correlation coefficient was observed between time since injury and diameter (p = 0.35), blood 
flow (p = 0.55), PWSR (p = 0.63) and MWSR (p = 0.85).   
        
 
 
 
 
 
 
 
 
 
         
 
Figure 1: Cross-sectional study: carotid, femoral 
and brachial arterial diameter versus time since 
injury. Each dot in the figure represents an 
individual result. Area between dashed lines 
represents the range of the control subjects 
 
 
 
 
Femoral Artery 
Arterial characteristics were not different between the left and right FA in both SCI-CS and C, 
therefore, mean values were taken for further analyses. Diameter and blood flow were 
significantly reduced in SCI-CS compared with C ( p < 0.001) (figure 1+2). PWSR and 
MWSR were significantly higher in SCI-CS than C (p< 0.001) (table 2). No significant 
correlation was found between time since injury and diameter (p = 0.76), blood flow (p = 
0.33), PWSR (p = 0.77) and MWSR  (p = 0.53).  
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Figure 2: Cross-sectional study: carotid, femoral 
and brachial blood flow versus time since injury. 
Each dot in the figure represents an individual 
result. Area between dashed lines represents the 
range of the control subjects.  
 
 
 
Brachial artery 
 
Diameter, blood flow and MWSR of the BA were not different between SCI-CS and C (table 
2, figure 1+2). No significant correlation coefficient was observed between time since injury 
and diameter (p = 0.92), blood flow (p = 0.74), PWSR (p = 0.81) and MWSR (p = 0.87).   
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Figure 3: Longitudinal results of carotid artery. 
Each dot represents the mean value of 6 subjects 
at the different measuring moments. Diameter, 
blood flow, peak wall shear rate (PWSR) and 
mean wall shear rate (MWSR) are expressed as 
mean ± SE. Area between the dashed lines 
represents the range the of the control subjects.    
   
 
 
 
Carotid Artery  
Diameter, blood flow and MWSR did not differ between SCI-L and C. Carotid PWSR was 
significantly lower in SCI-L than in C (table 2 and figure 3). In the trend analyses, slope 
values did not differ from zero and they were all within the 95% confidence interval. These 
findings indicate that carotid arterial properties did not change from 6 to 24 weeks after the 
injury.  
Femoral Artery 
Diameter, blood flow, and shear rate levels measured in SCI-L were all significantly different 
from C (p < 0.001) (table 2 and figure 4). Mean slope values were all found to be within the 
95% confidence interval and thus not different from zero, indicating that femoral diameter, 
blood flow, MWSR and PWSR did not change from 6 to 24 weeks after the injury.  
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Figure 4: Longitudinal results of femoral artery. Each 
dot represents the mean value of 6 subjects at the 
different measuring moments. Diameter, blood flow, 
peak wall shear rate (PWSR) and mean wall shear rate 
(MWSR) are expressed as mean ± SE. Area between the 
dashed lines represents the range of the control subjects. 
 
 
 
 
Brachial Artery 
Diameter, blood flow and wall shear rates did not differ between SCI-L and C (table 2, figure 
5). Slope values were all within the 95% confidence interval, indicating that brachial artery 
properties did not change between 6 weeks and 24 weeks after the injury.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Longitudinal results of brachial artery. Each 
dot represents the mean value of 6 subjects at the 
different measuring moments. Diameter, blood flow, 
peak wall shear rate (PWSR) and mean wall shear rate 
(MWSR) are expressed as mean ± SE. Area between the 
dashed lines represents the range of the control subjects. 
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Blood pressure in SCI-L did not change over the time period from 6 to 24 weeks after the 
injury (figure 6).  
 
Figure 6: Longitudinal results blood 
pressure. Each dot represents the mean 
value of 6 subjects at the different 
measuring moments. Values are 
expressed as mean ± SD. SBP is systolic 
blood pressure, DBP is diastolic blood 
pressure and MAP is mean arterial 
pressure.  
 
 
 
 
 
 
Discussion 
 
The present study reports novel information on the time course of vascular arterial adaptations 
to inactivity and paralyses in human. The main finding is, that within six weeks after a spinal 
cord injury, diameter (-30%) and blood flow (-30%) are significantly reduced and PWSR 
(+50%) and MWSR (+100%) of the femoral artery are significantly increased. After week six, 
no further changes in femoral arterial properties were observed. These findings suggest that 
vascular adaptations to inactivity in humans are accomplished within weeks, i.e. more quickly 
than previously thought. Analyses of the coefficient of variation for the echo Doppler 
measurements in this study as an indication of reproducibility varied from 1-3% for diameter 
and 6-10% for blood flow, which is lower than previously reported values, i.e. 4-6% for 
diameter and 10-15% for blood cell velocity (12,14). Therefore, the reproducibility found in 
the present study, as well as the inclusion of a control group measured with the same testing 
procedures, supports the robustness of our observations.   
Carotid Artery and Brachial Artery  
The carotid artery, an elastic type of artery, and the brachial artery, a muscular type of artery 
were measured to assess the effect of a spinal cord injury on different type of arteries above 
the lesion level. In accordance with earlier studies (11,12), no differences in carotid and 
brachial diameter, blood flow and MWSR were found between SCI and C indicating that 
forced (systemic) inactivity in spinal cord-injured individuals does not seem to influence 
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brachial arterial characteristics and carotid diameter and blood flow. In agreement with earlier 
findings (11), PWSR in the carotid artery was found to be significantly lower (25-30%) in 
both SCI-CS and SCI-L compared with C. A previous study examining carotid properties 
with ageing reported that the peak blood flow velocity, which is a primary determinant of 
PWSR, decreases continuously with age by 9.3 cm/s per 10 years (15). An important reason 
for this reduction in peak blood flow velocity during ageing might be a reduced cardiac 
output, which in fact has been demonstrated to be lower in chronic SCI individuals as well 
(16).   
Femoral Artery  
Diameter and blood flow 
Our main finding is that femoral arterial diameter and blood flow are significantly reduced 
within six weeks after the injury, with no changes thereafter. Absolute values of diameter and 
blood flow of the femoral artery in SCI in the present study are in agreement with previous 
studies in persons with chronic spinal cord injury reporting femoral diameters in the range 
from 5-7 mm and blood flow values varying from 150-300 ml/min (2,11,12). Thus, it seems 
that vascular adaptations to inactivity in humans are accomplished within weeks, rather than 
in months, as previously thought (7). Due to inconsistency in the bed rest literature on 
direction and time course of vascular adaptations, and since no information is available on 
arterial diameter changes after bed rest, these studies do not provide sufficient answers related 
to vascular adaptations to inactivity in humans.  
It is generally accepted that large arteries adapt to chronic changes in blood flow by 
undergoing compensatory adjustment of their internal diameter (5,6). Findings in the present 
study show a 30% reduction in diameter and a 30% reduction in blood flow of the femoral 
artery within six weeks after the injury, whereas no changes were found for carotid and 
brachial artery. Our findings are in line with a previous animal study in which long term 
inactivity was mimicked by 10-14 weeks hindlimb unloading in rats (17). The authors 
reported a significantly decreased diameter of the inactive femoral artery whereas no changes 
were found in forebody carotid and axillary diameter, suggesting a local adaptation in arterial 
diameter to chronic changes in activity. Whether the observed vascular adaptations are 
functional or structural remains to be answered. However, possible mechanisms to explain the 
local vascular adaptations are, firstly, the low oxygen demand in the paralyzed and atrophied 
legs in SCI. It has been shown that the age-associated decline in absolute basal whole-leg 
blood flow is associated with reductions in whole-leg FFM and estimated whole leg oxygen 
consumption, indicating that a decrease in oxygen demand in part due to sarcopenia is one 
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underlying mechanism (18). At 6 weeks post-injury, Castro et al reported a 40% smaller fibre 
size in the SCI group compared with controls (19). In contrast to the vascular findings of the 
present study, they demonstrated a further decline in fiber size (27-56%) from 6 to 24 weeks 
after the injury. Although one may speculate that muscle atrophy precedes vascular atrophy 
(oxygen demand ~ oxygen delivery), it has been shown in animals with congestive heart 
failure that apoptosis of endothelial cells precedes the apoptosis of skeletal muscle fibers (20). 
The mechanism of muscular and vascular adaptations in humans and their interplay is an 
unexplored area and needs further investigation.   
A second possible mechanism explaining the vascular adaptations could be blood pressure 
since changes in blood pressure may elicit changes in vascular structure and tone. In the 
present study, supine resting blood pressure measurements did not differ between the groups 
and blood pressure in SCI-L did not change over the time period from 6 to 24 weeks post-
injury. However, one should take into consideration that in contrast to the control subjects, the 
SCI individuals will not be in an upright posture over long period of time during the day. As a 
consequence, the femoral artery in SCI subjects will be exposed to lower pressures over time, 
which may influence wall thickness and alter vascular tone. However, a lower pressure would 
be expected to decrease wall thickness and consequently diminish vascular tone, which is not 
consistent with our finding of a decreased femoral diameter. It appears therefore, that pressure 
does not seem to be a major contributor to the remodelling process in SCI individuals.  
As a third explanation, hyperresponsiveness of alfa adrenergic receptors cannot be ruled out 
as a possible mechanism leading to vasoconstriction. Though, due to sympathetic denervation, 
one would expect a diminished sympathetic nervous system tone below the lesion in SCI 
individuals. Recently in our lab (21), we assessed the contribution of alfa adrenergic 
activation on vascular tone in SCI and found no differences compared with a control group. A 
chronically elevated alpha adrenergic tone as found in the elderly (22), can therefore not 
explain the reduced blood flow in SCI. In addition, elevated levels of circulating 
norepinephrine in the SCI population may lead to vasoconstriction. However, several studies 
have shown that norepinephrine levels in SCI individuals are either unchanged or lower 
compared with able-bodied controls (23).  
A fourth possible mechanism that may contribute to the vascular adaptations are a reduced 
nitric oxide availability or increases in humoral or local vasoconstrictors in spinal cord-
injured individuals. Although this has been suggested to occur after chronic sympathectomy 
and inactivity in animal studies (4,24), human studies do not show such vascular adaptations 
after long term sympathectomy (25). A recent bed rest study in humans demonstrated that 
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plasma nitrate and nitrite concentration, an indicator of endogenous nitric oxide production, 
was decreased after 14 days of bed rest immobilisation (26). In contrast however, another bed 
rest study (27) reported an increased Flow Mediated Dilation (FMD) response in the brachial 
artery after 7 days of bed rest deconditioning. Future research is recommended to assess the 
role of inactivity and SCI on endothelial function. From previous studies it is known that the 
size of the femoral diameter is related to age, sex and body size (28). In the present study, 
male and female subjects were included in both SCI and C and the subject characteristics such 
as age, height and BSA did not differ between the groups. Although body mass was lower in 
SCI-L (at six weeks post-injury) compared with C, diameter per body mass was still 
significantly decreased in SCI-L relatively to controls.   
Wall Shear Rate 
The almost doubled wall shear rate levels within 6 weeks post-injury in SCI compared with C, 
are similar to values found in chronic SCI individuals (11,12). Wall shear stress, which 
represents the frictional force of the blood on the endothelium layer, is thought to play an 
important role in arterial regulation and adaptation processes. The human arterial system 
strives to maintain a constant shear stress by adapting the internal vessel diameter to chronic 
changes in blood flow (29,30). This remodelling process has been shown to depend on an 
intact endothelium (5). The almost doubled femoral shear rate levels in SCI individuals 
suggest that this process is disturbed by deconditioning and/or denervation. The mechanism 
responsible for this possible dysregulation is unclear and needs further investigation.  
Clinical Relevance  
A diminished blood flow to the lower limbs is associated with increased risk for decubitus 
ulcers and impaired wound healing in SCI (31), but also in elderly (32) as well as in other 
conditions with a poor circulation. Nowadays, the clinical consequences of chronically 
enhanced shear stress levels are not obvious. It is well established that atherosclerotic plaques 
tend to form in regions of low shear stress (33). However, recent evidence suggest that that 
also high shear rates may contribute to the development of atherosclerotic processes (34). It is 
therefore important to gain insight in the time course of these vascular adaptations in order to 
develop therapeutic strategies. 
Limitations  
We consider the spinal cord-injured population as a unique human model of nature to assess 
peripheral vascular adaptations to extreme inactivity and paralyses. As valuable as 
information is from this patient population, one should be cautious to extrapolate these results 
to the general population because of other unique pathologies underlying spinal cord injury, 
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such as disturbed sympathetic innervation. However, sympathectomized patients with lack of 
sympathetic vascular innervation but with normal physical activity do not show vascular 
adaptations (25). Recently, shear stress levels in a chronic SCI group with lower motor neuron 
lesion (with nerve degeneration) and in a SCI group with upper motor neuron lesion (without 
nerve degeneration) were studied to distinguish between the effect of nerve degeneration and 
inactivity (12). Since shear stress levels were similarly elevated in both SCI groups, the 
authors suggested that inactivity plays a more important role in the elevated shear stress levels 
in the femoral artery in SCI individuals than denervation. Therefore, the observed vascular 
adaptations in the spinal cord-injured population seem to result primarily from 
deconditioning.  
In conclusion, six weeks of inactivity and paralyses in humans results in a 30% reduction in 
diameter, a 30% reduction in blood flow, and an almost doubling of local wall shear rate in 
the femoral artery. These findings indicate that the process of vascular adaptations to 
inactivity and paralyses in humans seems to be largely completed within six weeks.  
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Extensive leg vascular adaptations within three weeks of deconditioning in humans 
 
Abstract 
 
The time course of vascular adaptations to deconditioning in humans is underexplored, 
especially the early vascular adaptations. We assessed the time course of adaptations in 
vascular dimension and function during the first six weeks of extreme inactivity in humans.  
Six male spinal cord-injured patients were included immediately after their injury and 
vascular dimension, blood flow, endothelial function and limb volume were measured at 1, 2, 
3, 4 and 6 weeks post-injury. Vascular characteristics of the common femoral artery (CFA), 
superficial femoral artery (SFA), brachial artery (BA) and carotid artery (CA) were assessed 
with echo Doppler ultrasound. Endothelial function in SFA was measured with Flow 
Mediated Dilation (FMD). Femoral artery diameter (CFA: 25%, SFA 16%; P < 0.01) and leg 
volume (22%; P < 0.01) decreased simultaneously and these reductions were largely 
accomplished within 3 weeks post-injury. Significant increases were observed for basal shear 
rate levels (64% increase week 3; 117% at week 6; P < 0.01), absolute FMD responses (8% 
increase week 3, 23% at week 6; P < 0. 05) and relative FMD responses (26% increase week 
3, 44% week 6; P < 0.001). Our findings demonstrate a rapid onset of adaptations in vascular 
dimension and function to extreme inactivity in humans. Vascular adaptations include 
extensive reductions in femoral diameter and leg volume as well as increased basal shear rate 
levels and FMD responses, which all appear to be largely accomplished within 3 weeks after a 
spinal cord injury.  
 
Introduction  
 
In humans, vascular adaptations in diameter size, blood flow and shear rate levels to 
deconditioning have been reported to be completed within six weeks (1). However, time 
course of vascular adaptation to deconditioning within the first 6 weeks is unknown. In order 
to apply effective countermeasures, such as during space flight and forced deconditioning due 
to clinical situations, insight into the time course is essential. A spinal cord injury (SCI) may 
be considered as a human model of extreme exposure to inactivity and offers a unique 
opportunity to study early vascular adaptations to deconditioning.  
Animal studies demonstrate a rapid onset of vascular adaptations to persistent alterations in 
blood flow. Functional adaptations occur within days whereas structural remodelling of the 
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vessel is completed within 2-3 weeks (2-4). In humans, results on vascular changes derived 
from bed rest studies (5-7) are conflicting with some studies showing a decrease in leg blood 
flow and others showing no changes after a period of bed rest varying from 10-41 days. 
However, none of these studies provide information related to changes in vessel diameter, and 
the magnitude of physical inactivity during bed rest may vary, since movements of the legs 
are still possible. Furthermore, vascular changes during bed rest may be seriously confounded 
by the effects of microgravity and concomitant decrease in plasma volume (8). Two recent 
studies assessed vascular changes following a period of lower limb immobilization and 
reported a 6 and 12% decrease in femoral artery diameter after 1 week of lower limb casting 
(9) and after 4 weeks of unilateral lower limb suspension (10), respectively.    
With respect to functional vascular adaptations, previous studies have demonstrated that 
endothelial function assessed as Flow Mediated Dilation (FMD) is enhanced or at least 
preserved in arteries after a period of deconditioning (10-12). Since FMD increases following 
exercise training (13), these findings may imply that functional vascular adaptations to 
deconditioning are not simply the opposite of adaptations to exercise.   
The following study was conducted to assess the time course of early changes in vascular 
dimension and function following extreme inactivity in humans. For this purpose, six acutely 
injured SCI patients were included and vascular dimension, blood flow, endothelial function, 
and limb volume were measured 1, 2, 3, 4 and 6 weeks after their injury. Based on animal 
research and limited information from human studies we hypothesize that vascular 
adaptations in function and dimension occur within 3 – 6 weeks of extreme inactivity.   
  
Methods 
 
Subjects  
Six male spinal cord-injured patients with recent, traumatic, motor-complete spinal cord 
lesions (ASIA A or B) (14) between C4 and L1 participated in this study. Patients were 
included as soon as their clinical situation allowed conversation and measurements needed for 
this study (mean time since injury 16 ± 9 days). Patients with a known history of 
cardiovascular disease, diabetes, hypercholesterolemia, or high blood pressure were excluded 
from the study. The Ethical Committee of the Radboud University Nijmegen Medical Centre 
approved the study and all patients provided written, informed consent before participating. 
Individual patient characteristics are presented in Table 1.  
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Table 1. Individual characteristics. Data are presented as mean (SD). The symbols of the subjects correspond 
with the individual symbols in figure 1, 2, 3 and 4.  
 
Subject Age 
(yrs) 
Body Mass 
(kg) 
Height  
(cm) 
Blood Pressure  
(mmHg)  
Lesion level 
(ASIA)  
Time since injury 
(days)  
1   42 74 183 128/72 T9 (A) 7 
2 65 71 180 140/70 L 1 (A) 9 
3 37 75 180 120/70 T10 (A) 12 
4   28 55 174 115/72 T9 (A) 22 
5     33 60 165 116/82 T12 (B) 20 
6    33 65 167 90/65 C4 (A) 27 
Mean  39 67 175 118/72  16 
SD 13 8 8 17/6  9 
 
Protocol 
Based on the severity of the trauma-related complications, patients were measured repetitively 
from week 1 to week 6 post-injury. All measurements were conducted in supine position 
under standardized quiet conditions after an overnight fast or controlled low fat breakfast at 
the University Medical Centre or at the rehabilitation clinic. Subjects were asked to empty 
their bladder before examination and they refrained from alcohol, caffeine, and nicotine for at 
least 12 hours prior to the test. The same investigator performed all the measurements and 
analyses. Resting blood cell velocity and diameter of the right common femoral artery (CFA), 
right superficial femoral artery (SFA), right brachial artery (BA) and left carotid artery (CA) 
were measured using echo Doppler ultrasound. Then, a large cuff was placed around the 
upper thigh, approximately 10 cm distally from the greater trochanter. The cuff was inflated 
to suprasystolic pressure (220 mmHg) for 10 minutes. After cuff deflation, hyperemic blood 
flow velocity in the SFA was recorded on videotape for the first 25 seconds, followed by a 
continuous registration of the vessel diameter for 5 minutes. A spray of nitroglycerine (NTG, 
0,4 mg) was administered sublingually after a resting period of 10 minutes to determine the 
endothelium-independent vasodilatation, which is indicative for sensitivity of smooth muscle 
to nitric oxide (15). Vessel diameter of the SFA was recorded continuously between 2 and 6 
minutes after the administration of nitroglycerin.  
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Measurements 
Ultrasound 
Red blood cell velocities and systolic and diastolic vessel diameter of each artery were 
measured with an echo Doppler device (Megas, ESAOTE Firenze, Italy) with a 5-7.5 MHz 
broadband linear array transducer. The sample volume was adjusted to cover the width of the 
vessel, and thus, the complete blood velocity distribution (16). For the left CA, images were 
made 1.5 cm proximal from the bifurcation of the external and internal carotid artery. For the 
CFA, images were obtained just below the inguinal ligament, about 2 cm proximal of the 
bifurcation into the deep and superficial femoral artery. SFA images were made 
approximately 3 cm distal of the bifurcation of the CFA. Images of the brachial artery were 
obtained approximately 3 cm proximal of the olecranon process. The angle of inclination for 
the velocity measurements was consistently below 60 degrees and the vessel area was 
adjusted parallel to the transducer. From each artery, 4 images with a total of 10 -12 velocity 
profiles were obtained and traced manually afterwards by a single investigator.  
Blood pressure 
Blood pressure was measured by auscultation at the brachial artery before and after the echo 
Doppler measurements, using a sphygmomanometer. 
Leg circumference and volume 
Leg circumferences were determined at pre-defined positions and total limb volume was 
calculated as described by Jones (17) 
Data analysis 
For resting diameter measurements, two consecutive images in the longitudinal view were 
frozen at the peak-systolic and end-diastolic phase. Off-line, 3 measurements were performed 
per diameter image, and the mean diameter (D) was calculated by using the formula: 1/3 · 
systolic diameter  + 2/3 · diastolic diameter. The average of 10-12 Doppler spectra waveforms 
was used to calculate mean red blood cell velocity (Vmean). For hyperemic red blood cell 
velocity a total of 6-8 velocity profiles were obtained and from each velocity profile, the flow 
velocity integral was manually traced. The average of these 6-8 velocity profiles was used to 
calculate peak and mean hyperemic velocity. 
For both resting images and hyperemic responses, mean blood flow in ml/min was calculated 
as ¼ · ∏ · (D)2 · Vmean (cm/s) · 60. Regional mean wall shear rate (MWSR) was calculated 
as 4 · Vmean/ D (s –1).  Delta flow, delta MWSR were defined as the differences between 
baseline values and hyperemic responses.  
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Vessel diameters of the SFA were measured off-line from videotape at 45, 60, 90, 120 and 
240 seconds after cuff release and at 2, 3, 4, 5 and 6 minutes after nitroglycerine 
administration. All diameters were measured at the end-diastolic phase of the cardiac cycle, 
corresponding to the R wave of a simultaneous ECG signal. FMD in the SFA and 
endothelium-independent vasodilatation in the SFA was expressed as both the maximal 
absolute and relative diameter change in end-diastolic baseline diameter. Since the FMD 
response is directly proportional to the magnitude of the stimulus (18), the FMD response was 
also expressed relative to the delta shear rate. Ratio’s were calculated for FMD/delta MWSR. 
Reproducibility of the vascular measurements was assessed previously, and varied from 1-3% 
for vessel diameter, 9-18% for resting and hyperaemic flow velocity parameters and 15% for 
relative FMD responses (1, 11). 
 
Statistical analyses 
Data analyses in this study were performed with the repeated measures procedure PROC 
MIXED of the SAS system version 8.2. In the model, the dependency of the measurements 
within the same subject was taken into account and equal variances at different time points 
and equal correlations between the time points was assumed. To assess a time trend, time was 
incorporated into the model as a continuous variable. If there was a significant trend; 
additional post-hoc analyses were performed with time as a nominal factor to determine 
specific changes over time. P-values less than 0.05 were considered statistically significant. 
 
Results 
 
Baseline and hyperemic vascular characteristics 
In the femoral artery, a significant decrease over time was observed for vessel diameter  
(CFA 25%, SFA 16%; P < 0.01). Diameter values did not differ after week 3, while week 3 to 
6 was significantly lower than week 1 and 2, and week 2 was lower than week 1 (Figure 1A, 
Table 2; P < 0.01). No significant changes over time were observed for resting blood flow in 
CFA  (Figure 1B) and hyperemic flow in the SFA (Figure 1D), although a trend for a decrease 
in hyperemic flow seems present. Basal MWSR increased significantly (64% week 3, 117% 
week 6; P < 0.01). MWSR values at week six were significantly higher than values at week 1 
and 2 (Figure 1C, Table 2, P < 0.01). The range of values from able-bodied controls and 
chronic SCI individuals from previous studies in our lab (1, 11) are included in all figures. No 
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changes were observed for vascular properties (diameter, shear rate and flow) in the brachial 
artery and the carotid artery (Table 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Changes in vessel diameter (A), basal leg blood flow (B), mean wall shear rate (MWSR, C) of  the 
common femoral artery and reactive hyperaemic flow in the superficial femoral artery (D) at week 1, 2, 3, 4 and 
6 post-injury. Results of early adaptation are represented as individual data points.      Blocks represent the range 
of values in able-bodied controls and       blocks represent values from chronic spinal cord-injured individuals. 
Significant differences between weeks are indicated, * P < 0.05; ** P < 0.001.  
 
Endothelial Function 
In the SFA, a significant increase over time was observed for relative FMD responses (26% 
increase week 3, 44% week 6; Figure 2A, P < 0.001) and absolute FMD responses (8% 
increase week 3; 23% week 6; Figure 2B, P < 0.05). Relative FMD responses were 
significantly higher in week 4 and 6 than in week 2 (P < 0.05). Absolute FMD responses were 
significantly higher in week 6 compared with week 2 (P < 0.05). Although a trend towards an 
increase was evident, the ratio FMD/delta MWSR did not change significantly over time 
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(Figure 2C). NTG responses could only be assessed in 3 persons. No differences over time 
were observed for NTG responses (values between 11 and 12%).    
 
Table 2. Time course changes (1 week (n=2), 2 weeks (n=3), 3 weeks (n=4), 4 weeks (n=6) and 6 weeks (n=6) 
post-injury) in vascular properties in brachial artery (BA), carotid artery (CA), superficial femoral artery (SFA) 
and common femoral artery (CFA) in acute spinal cord-injured individuals (SCI). MWSR = Mean Wall Shear 
Rate. Values are expressed as mean (SD). * P < 0.05 and ** P < 0.01; Significantly different from 6 weeks post-
injury # Significantly different from week 3, 4 and 6 post- injury (P < 0.01), ¤ Significant differences week 1 
versus week 2 (P < 0.01).  
BA  1 week 2 weeks 3 weeks 4 weeks 6 weeks  
Diameter (cm) 0.42 (0.04) 0.42 (0.04) 0.42 (0.02) 0.43 (0.02) 0.42 (0.03) 
MWSR (s-1) 42  (3) 69 (53) 44 (10) 52 (23) 60 (26) 
Flow (ml/min) 38 (14) 56 (48) 39 (16) 45 (15) 55 (23) 
CA 1 week 2 weeks 3 weeks 4 weeks 6 weeks  
Diameter (cm) 0.67 (0.01) 0.68 (0.03) 0.68 (0.03) 0.67 (0.03) 0.67 (0.03) 
MWSR (s-1) 99 (37) 96 (11) 84 (15) 103 (31) 104(18) 
Flow (ml/min) 336 (101) 355 (80) 320 (87) 359 (75) 362 (50) 
SFA 1 week 2 weeks 3 weeks 4 weeks 6 weeks  
Diameter (cm) 0.69 (0.08) #, ¤ 0.66 (0.07) # 0.59 (0.05)  0.58 (0.08)  0.59 (0.08)  
MWSR (s-1) 22 (7) * 34 (4) * 38 (7) * 43 (16) 61 (28) 
Flow (ml/min) 80 (11) ** 115 (30) * 94 (45) * 100 (45) * 155 (84) 
CFA 1 week 2 weeks 3 weeks 4 weeks 6 weeks  
Diameter (cm) 0.99 (0.05) #, ¤ 0.90 (0.06) ) # 0.75 (0.06) 0.76 (0.10) 0.76 (0.11) 
MWSR (s-1) 31 (14) ** 14 (14) ** 51 (13) 56 (15) 71 (19) 
Flow (ml/min) 348 (106)  301 (76) 254 (76) 272 (132) 323 (127) 
 
 
 
Figure 2. Individual data points of changes in 
relative FMD response (A), absolute FMD 
responses (B) and ratio FMD/delta MWSR (C) at 
week 1, 2, 3, 4 and 6 post-injury.     Blocks 
represent the range of values in able-bodied 
controls and       blocks represent values from 
chronic spinal cord-injured individuals. 
Significant differences between weeks are 
indicated, * P < 0.05; ** P < 0.001.  
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Blood Pressure 
Systolic blood pressure and MAP decreased significantly (P < 0.05) over time with no 
changes for diastolic blood pressure. Post- hoc tests showed significantly lower blood 
pressures in week 2 and 4 than in week 6 post-injury (P < 0.05; Figure 3).   
 
 
Figure 3.  Individual data points of changes in 
mean arterial pressure at week 1, 2, 3, 4 and 6 
post-injury. Significant differences between 
weeks are indicated, * P < 0.05.  
 
 
 
 
 
 
Leg Volume  
Leg volume decreased significantly over time (22% decrease; Figure 4A; P < 0.01) 
Values did not differ after week 3, while week 3 to 6 was significantly lower than week 1 and 
2, and week 2 was lower than week 1 (P < 0.01). If diameter of the common femoral artery 
was normalized to leg volume no significant changes over time were present (figure 4B).   
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Figure 4.  Individual data points of time course changes in leg volume (4A) and for diameter normalized for leg 
volume (4B) at week 1, 2, 3, 4 and week 6 post-injury.       Blocks represent the range of values in able-bodied 
controls and      blocks represent values from chronic spinal cord-injured individuals. Significant differences 
between weeks are indicated, * P < 0.05; ** P < 0.001.  
 
Discussion 
 
The present study provides important information on the time course and the magnitude of 
adaptations of vascular dimension and endothelial function during the first six weeks of 
extreme deconditioning in humans. A rapid onset of vascular adaptations in the inactive and 
paralyzed legs after acute spinal cord injury was observed. Changes include an approximately 
25% reduction in femoral artery size and leg volume, a doubling in basal shear rate levels and 
a significant increase in FMD responses. All these adaptations are largely accomplished 
within 3 weeks post-injury.   
Baseline and hyperaemic vascular characteristics  
The carotid artery, an elastic type of artery, and the brachial artery, a muscular type of artery 
are both located above the lesion level. No changes were found for any of the vascular 
characteristics (vessel diameter, shear rate and blood flow), which is in accordance with 
previous studies that report no differences in carotid and brachial vascular characteristics 
between chronic SCI individuals and controls (1, 19).   
Resting blood flow in the femoral artery did not change over time. In previous studies, 
conflicting results have been reported with some studies showing a decrease in basal blood 
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flow in SCI (20, 21), while other studies report no differences in leg blood flow between SCI 
and controls (11, 22). Our results support these latter studies and are in line with findings of a 
recent study that showed no changes in resting blood flow after 4 weeks of leg suspension 
(10). Resting skeletal muscle extracts only one third of the delivered oxygen of the blood, 
and, is therefore in some ways abundant. Hence, resting blood may not be the regulating 
factor for vascular remodeling of the femoral artery, as will be discussed later.     
The diameter of the femoral conduit arteries decreased significantly over time. At 3 weeks 
post-injury, reductions in diameter seem to plateau and the magnitude of the vessel diameter 
at that time (7.5 mm CFA and 5.6 mm for SFA) approaches the vessel dimension in chronic 
SCI individuals (5-7.5 mm) (19, 20). Recently, two studies assessed vascular changes 
following lower limb immobilisation and reported a significant decrease in femoral artery 
diameter size, i.e. a 6% reduction after 1 week of lower limb casting (9), and 12% reduction 
after 4 weeks of unilateral lower limb suspension, respectively. Hence, the 25% decrease in 
vessel size of femoral artery within 3 weeks after a spinal cord injury represents the largest 
reduction in diameter in response to the most extreme form of deconditioning. Figure 6 
illustrates the wide range in femoral artery size across the total spectrum of physical activity 
from the spinal cord-injured patients towards the endurance-trained athlete. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Femoral artery diameter size across the whole spectrum of physical activity from extreme 
deconditioning (spinal cord injury) towards the endurance trained athlete. 
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Although post-occlusion hyperemic blood flow, typically used to evaluate arteriolar structural 
changes in the circulation, showed no significant decrease over time, a trend towards decrease 
seems to be visible from figure 1D. It may be possible that mechanisms  
and time course of vascular adaptations to deconditioning may differ between conduit 
(diameter) and resistance vessels (hyperemic flow response), as has been indicated previously 
in exercise training studies in animals (23, 24) and humans (25). This hypothesis however, 
needs further investigation.  
Arterial remodelling represents the process of chronic and structural changes in the arterial 
system. Persistent changes in blood flow cause alterations in blood vessel architecture to 
normalize wall shear stress (2, 4). Previous training studies in humans have suggested that 
conduit arteries adapt their baseline diameter to peak shear stress and peak oxygen 
consumption rather than to resting blood flow (26, 27). Parallel to this reasoning, the decrease 
in diameter in SCI may represent an inward remodelling as an adaptation to a total lack of 
periods of high shear stress in the paralyzed legs of SCI individuals. Our findings support the 
assumption that baseline diameter adapts to peak flow (Figure 5B) instead of resting blood 
flow (Figure 5A). During reactive hyperaemia, shear stress levels are kept constant across a 
wide spectrum of hyperaemic flows from very low in chronic SCI to high in able-bodied 
controls.  
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Figure 5. Shear rate values (y-axis) plotted against the blood flow (x-axis). Resting values (A) and hyperaemic 
responses (B) are presented for the spinal cord-injured patients in the present study at week 1, 2, 3, 4 and 6 post- 
injury; from a group of controls (lower line; open squares) and from a group of chronic spinal cord-injured 
individuals (upper line; open circles).   
 
Endothelial Function 
It has been shown that an intact endothelium is essential for normal arterial remodelling (4) 
and nitric oxide (NO) has emerged as the major endothelium derived mediator controlling 
vascular remodeling (28).  
The present study demonstrates that already within 3 to 6 weeks post-injury, basal shear rate 
levels are doubled in the conduit arteries of the inactive and denervated legs of SCI (Figure 
5A), which is in agreement with findings in chronic SCI (11, 19, 29). FMD is a measure of 
NO production in response to shear stress stimulus. Absolute as well as relative FMD 
responses increased significantly during the first six weeks of extreme inactivity with most 
changes evident at 3 weeks post-injury. Although not significant, a trend to an increase was 
still evident when FMD was corrected for the maximal hyperaemic shear rate stimulus (figure 
2C). An increased relative FMD response in deconditioned arteries is also reported in recent 
studies using different ‘’human models for physical inactivity’’ such as chronic spinal cord 
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injury (11), bed rest (12) and unilateral lower limb suspension (10). Since it is well 
established that exercise training causes an increase in FMD (13, 30), these findings may be 
somewhat surprising as they imply that endothelial adaptations to deconditioning are not 
simply the inverse of adaptation to exercise.  
Possible explanations for an increased FMD response in deconditioned vessels may be related 
to the chronically enhanced baseline shear stress levels in leg conduit arteries. Since it well 
known that shear stress is a potent physiological stimulus for NO release, the increased levels 
of basal shear stress may lead to an upregulation of eNOS. A recent training study in patients 
with coronary artery disease (31) and previous in vivo (32) and cell culture studies (33, 34) 
have demonstrated that increases in shear stress level are associated with an elevation of 
eNOS mRNA-protein and NOS activity. A second possible explanation may be the lack of 
periods of high shear stress in the vessels supplying the paralyzed and inactive leg muscles of 
SCI individuals (this in contrast with the periods of high shear stress during exercise in able-
bodied individuals), which may contribute to an up-regulation of NO responsiveness. FMD 
implies endothelial NO production in response to a stimulus, or smooth muscle characteristics 
such as NO sensitivity or vasodilator capacity. In the present study, no differences in absolute 
and relative NTG responses were observed over time, indicating that smooth muscle 
sensitivity to NO or vasodilator capacity was unaltered. However, the results should be 
interpreted with caution since NTG responses could only be assessed in 3 persons. Findings 
of our study are supported by a previous study in chronic SCI (11) in which no differences in 
relative NTG response were observed between SCI and able-bodied controls, but in contrast 
with recent observations demonstrating an increased NTG response after 4 weeks of 
deconditioning induced by limb suspension (10). Possibly, the vasodilation response to 
nitroglycerin in SCI may be limited by structural changes in the vessel wall, thereby masking 
a possible increase in NO sensitivity.   
Leg volume and blood pressure  
It is well documented that SCI individuals suffer from dramatic muscle atrophy in the 
paralyzed legs which is indicated by 35-50% reduction in lower limb cross sectional area (22, 
35). At 6 weeks post-injury, Castro et al reported a 40% smaller fibre size in the SCI group 
compared with controls with a further decline in fiber size (27-56%) from 6 to 24 weeks after 
the injury (35). Although one may speculate that muscle atrophy precedes vascular atrophy 
(oxygen demand ~ oxygen delivery), it has been shown in animals with congestive heart 
failure that apoptosis of endothelial cells precedes the apoptosis of skeletal muscle fibers (36).  
Nowadays however, the mechanism of muscular and vascular adaptations and their mutual 
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dependency in humans is still a largely unexplored area. In a recent cross-sectional study in 
chronic SCI individuals, Olive et al (22)  reported that the significant reduction in femoral 
vessel diameter was no longer different when diameter size was expressed per unit muscle 
mass. The results of our longitudinal study do not only support these findings but we observed 
a simultaneous decrease in limb volume and arterial diameter over time, which was evident 
from 3 weeks post-injury. When we corrected femoral artery diameter for limb volume, no 
differences over the six-week time period were observed and values in SCI are comparable 
with control values (Figure 4B). These findings may suggest a strong functional link between 
adaptations in vascular dimension and muscle atrophy during deconditioning.  
Changes in blood pressure may elicit changes in vascular structure and tone (37). In the 
present study we observed a decrease in systolic and mean arterial pressure in the six weeks 
time period following the spinal cord injury. In a previous deconditioning study in hindlimb 
unloaded rats, Delp at al observed that reductions in transmural pressure induced atrophy of 
smooth muscle cells with no changes in vessel diameter (3). In addition, vascular adaptations 
to deconditioning with no changes in blood pressure were reported previously after 4 weeks 
of lower limb suspension (10). We believe, therefore, that pressure changes do not 
importantly contribute to the vascular remodeling in SCI individuals.  
Study limitations 
The present study focused on an extreme and rare patient population and demonstrates 
uniform and clear results, despite the fact of that only a limited number of subjects were 
included and not all measurements were performed at each time point. Our data complement 
current human vascular physiology knowledge on the magnitude and time course of vascular 
adaptations to extreme deconditioning.  
Endothelium-dependency of flow-mediated dilation has been established previously in the 
conduit arteries of the arm (38, 39). In addition, animal studies have demonstrated that an 
intact endothelium is necessary for flow mediated dilation of the femoral artery (40, 41).   
Studies of FMD in conduit arteries of the arm have shown that ischemia at the location 
proximal to the measurement side and prolonged ischemia (15 minutes) decreases the 
contribution of NO to flow mediated dilation. Since we measured FMD responses proximal to 
the side of occlusion and in response to 10 minutes ischemia, our results most likely reflect 
endothelium dependant NO mediated dilation.  
Two subjects were smokers until the time of accident. Most evidence suggest that smoking 
decreases FMD (42). Although the withdrawal of cigarettes at the time of hospitalization may 
affect endothelial function, data on the effect of short-term cessation of smoking, i.e. 6 weeks, 
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on vascular function are lacking. In addition, an increased FMD response was evident for the 
4 non-smokers in the present study, and in a previous study in chronic non-smoking SCI 
individuals (11).   
In the setting of the study it was not possible to perform all measurements in the fasting state. 
In order to minimize the confounding effects of food intake, the subjects received a controlled 
low fat meal, which not seems to affect arterial diameter and FMD (43, 44)   
We consider the spinal cord-injured population as a unique ‘human model of nature’ to assess 
peripheral vascular adaptations to extreme inactivity. As valuable as information is from this 
patient population, one should be cautious to extrapolate these results to the general 
population because of other unique pathologies underlying spinal cord injury.  Besides the 
extreme deconditioning, SCI individuals have a loss of supraspinal sympathetic vascular tone 
of the legs, which may affect vascular adaptations and FMD responses. Previously, Hijmering 
at al demonstrated that increased sympathetic outflow by LBNP can acutely blunt FMD 
responses, mediated by an alfa adrenergic mechanism (45). It has recently been shown, 
however, that alpha-adrenergic mediated tone in the leg vascular bed of spinal cord-injured 
individuals did not differ from able-bodied controls (46). Also, sympathectomized patients 
with lack of sympathetic vascular innervation but with normal physical activity do not show 
vascular adaptations (47). In addition, previous studies in SCI have shown that most of the 
adaptations in the circulatory system in SCI are reversible by functional electrostimulation 
training (48, 49), which suggests that the adaptations in the inactive and paralyzed legs in SCI 
seem to result primarily from deconditioning.  
In conclusion, our findings demonstrate a rapid onset of adaptations in vascular dimension 
and function to extreme deconditioning in humans. Vascular adaptation include extensive 
reductions in femoral diameter and leg volume as well as increased basal shear rate levels and 
FMD responses, which all appear to be largely accomplished within 3 weeks after a spinal 
cord injury. The decrease in diameter in SCI most likely represents an inward remodelling as 
an adaptation to a total lack of peak shear stress and not to basal shear stress levels. When 
femoral diameter was corrected for limb volume, no differences over the six-week time period 
were observed, which suggests a strong functional link between adaptations in vascular 
dimension and muscular atrophy.   
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Preserved FMD in the inactive legs of SCI individuals 
Abstract  
 
The aim of the study was to assess endothelial function, measured by Flow Mediated Dilation 
(FMD), in an inactive extremity (leg) and chronically active extremity (arm) within one 
subject. Eleven male spinal cord-injured (SCI) individuals and eleven male controls (C) were 
included. Echo Doppler measurements were performed to measure FMD responses after 10 
and 5 minutes of arterial occlusion of the leg (superficial femoral artery, SFA) and the arm 
(brachial artery, BA), respectively. A nitroglycerine spray was administered to determine the 
endothelium independent vasodilatation in the SFA. In the SFA, relative changes in FMD 
were significantly enhanced in SCI compared with C (SCI: 14.1 ± 1.3%; C: 9.2 ± 2.3%) 
whereas no differences were found in the BA (SCI: 12.5 ± 2.9%; C: 14.2 ± 3.3%). Since the 
FMD response is directly proportional to the magnitude of the stimulus, the FMD response 
was also expressed relative to the shear rate. No differences between the groups were found 
for the ratio FMD/shear rate in the SFA (SCI:0.061 ± 0.023 %/s-1 C: 0.049 ± 0.024 %/s-1) 
whereas the ratio FMD /shear rate was significantly decreased in the BA of SCI individuals 
(SCI: 0.037 ± 0.01 %/s-1 C: 0.061 ± 0.027 %/s-1). The relative dilatory response to 
nitroglycerine did not differ between the groups. (SCI: 15.6 ± 2.0%; C: 13.4 ± 2.3%). In 
conclusion, our results indicate that SCI individuals have a preserved endothelial function in 
the inactive legs and possibly an attenuated endothelial function in the active arms compared 
with controls.  
 
Introduction 
 
The endothelium plays an essential role in vascular homeostasis and is able to respond to 
physical and chemical stimuli by the synthesis and release of vasoactive, thromboregulatory 
and growth factor substances (1). Impaired endothelial function has been suggested as a key 
early event in the development of atherosclerosis and a high correlation between endothelial 
dysfunction and risk factors for cardiovascular diseases including hypertension, 
hypercholesterolemia, cigarette smoking, diabetes and ageing has been reported (2-9). 
Besides above mentioned traditional risk factors, it is well known that physical inactivity is 
associated with an increased risk of developing cardiovascular diseases (10). However, at 
present, the relationship between inactivity and endothelial dysfunction is not clear. In 
individuals with paraplegia, the part of the body below the lesion level is paralyzed and thus 
extremely inactive (11,12). In contrast, the upper limbs are often relatively active since the 
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arms are used for ambulation due to their wheelchair bound life style (13). A spinal cord 
injury, therefore, offers a unique ‘human model of nature’ to assess peripheral vascular 
adaptations to inactivity (legs) and activity (arms) on endothelial function within one subject.  
Healthy vessels are capable of accommodating to an increase in blood flow by dilating the 
internal vessel diameter, a phenomenon called Flow Mediated Dilation (FMD), which is 
mediated by nitric oxide (NO) release and, as such, indicative for endothelial function (4).  
FMD has been shown to be reduced in patients with elevated independent risk factors for 
cardiovascular diseases such as hypertension, diabetes, smoking and hypercholesterolemia 
(3,5,6,8), as well as in elderly (2,14). Previous studies, in which the effect of physical activity 
on FMD was assessed, demonstrate that regular aerobic training enhances FMD in the 
brachial artery in healthy individuals (15-20), and in patients with type 1 diabetes and heart 
transplantation (20,21). Hornig et al (15) investigated the effect of 4 weeks of daily handgrip 
training in patients with chronic heart failure and reported significantly improved FMD in the 
trained dominant arm, but not in the non-dominant arm, suggesting a local beneficial 
mechanism. However, the effect of extreme inactivity of one extremity and chronically 
increased activity of another on endothelial function has never been studied within one 
subject.   
Therefore, the main aim of our study is to assess endothelial function, as measured by FMD, 
in the inactive extremity (below the lesion) and in the chronically active extremity (above the 
lesion) in spinal cord-injured individuals. We hypothesize that endothelial function is 
impaired in the inactive legs and maintained or improved in the active arms.  
 
Methods 
 
Subjects  
Eleven male spinal cord-injured (SCI) individuals with motor complete spinal cord lesions 
between T1 and L1 (time since injury 11.6 ± 7.9 yrs) and eleven male able-bodied controls 
(C) participated in the study. Subjects who smoked and were known to have cardiovascular 
diseases, diabetes, hypercholesterolemia, high blood pressure or other cardiovascular co-
morbidity were excluded from the study. None of the subjects received any medication likely 
to interfere with the cardiovascular system. The Ethical Committee of the University Medical 
Center Nijmegen approved the study and all subjects provided written, informed consent 
before participating. Subject characteristics are presented in table 1.  
 
112 
Preserved FMD in the inactive legs of SCI individuals 
Table 1. Subject characteristics of the spinal cord-injured individuals (SCI) and the control subjects (C). 
Values are expressed as mean (SD). NS means not significantly different between groups.  
  
SCI (n =11) 
 
C (n =11) 
 
P-value 
Age (yrs)  36 (6) 37 (8)  NS 
Body Mass (kg) 73 (11) 79 (12)  NS 
Height (cm) 181 (7) 182 (6) NS 
Blood Pressure (systolic/diastolic) 122/77 125/82 NS 
 
Protocol 
Measurements were carried out in resting supine position between 9 and 11 AM after an 
overnight fast. Subjects were asked to empty their bladder before examination and they 
refrained from alcohol, caffeine, nicotine and exercise at least 12 hours prior to the test. The 
same investigator performed all the measurements using an echo Doppler device. At first, 
resting blood cell velocity and diameter of the right common femoral artery (CFA), right 
superficial femoral artery (SFA) and the right brachial artery (BA) were measured. Then, a 
large cuff was placed around the upper thigh, approximately 10 cm distally from the greater 
trochanter. The cuff was inflated to 220mmHg suprasystolic pressure for 10 minutes. After 
cuff deflation, hyperemic flow velocity in the SFA was recorded on videotape for the first 25 
seconds, followed by a continuous registration of the vessel diameter for 5 minutes. After a 
resting period of 5 minutes, the exact same procedure was performed for the BA with the 
exception that the cuff around the forearm was inflated for 5 minutes, followed by 
measurements of hyperemic flow and diameter. Finally, after a resting period of 5 minutes, a 
spray of sublingual nitroglycerine (NTG, 400 ug) was administered in 7 SCI individuals and 
all controls to determine the maximal endothelium independent vasodilatation, which is 
indicative for smooth muscle function. Vessel diameter of the SFA was continuously recorded 
between 2 and 6 minutes after the administration of the spray. Blood pressure was measured 
manually at the brachial artery before and after the echo Doppler measurements by using a 
sphygmomanometer. Reproducibility of the resting measurements and FMD protocol in the 
SFA and BA was assessed in eight control subjects who where measured twice within two 
weeks.  
Measurements and data analyses  
Red blood cell velocities and systolic and diastolic vessel diameter of each artery were 
measured with an echo Doppler device (Megas, ESAOTE Firenze, Italy) with a 5-7.5 MHz 
broadband linear array transducer. The sample volume was placed in the centre of each 
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vessel. For the CFA, images were made just below the inguinal ligament, about 2 cm 
proximal of the bifurcation in the deep and superficial femoral artery. SFA images were made 
approximately 3 cm distal of the bifurcation and brachial images were obtained approximately 
3 cm proximal of the olecranon process. The angle of inclination for the velocity 
measurements was consistently below 60 degrees and the vessel area was adjusted parallel to 
the transducer.  
From each artery, 4 images with a total of 10-12 velocity profiles were obtained and manually 
traced afterwards by a single investigator. The average of these 10-12 Doppler spectra 
waveforms was used to calculate peak velocity (Vpeak) and mean velocity (Vmean).  
For resting diameter measurements, two consecutive images in the longitudinal view were 
frozen at the peak systolic (Ds) and end-diastolic phase (Dd). Off line, 3 measurements were 
performed per diameter image, and the mean diameter (D) was calculated by using the 
formula: 1/3 · systolic diameter  + 2/3 · diastolic diameter. Hyperaemic velocity was recorded 
on videotape for the first 25 seconds after cuff release. A total of 6-8 velocity profiles were 
obtained and from each velocity profile, the flow velocity integral (FVI) was manually traced 
by a single investigator. The average of these 6-8 velocity profiles was used to calculate peak 
and mean hyperaemic velocity. For both resting images and hyperaemic responses, mean 
blood flow in ml/min was calculated as ¼ · ∏(D)2 ·Vmean (cm/s) · 60, peak blood flow in 
ml/min was calculated as ¼ · ∏(Ds)2 ·Vpeak (cm/s) · 60, regional peak wall shear rate 
(PWSR) was calculated as 4· Vpeak/ Ds (s–1) and mean wall shear rate (MWSR) was 
calculated as 4·Vmean/ D (s–1). Delta flow, delta PWSR and delta MWSR were defined as the 
differences between rest and hyperaemic responses. Vessel diameters of the SFA and BA 
after reactive hyperaemia were measured off line from videotape at 45, 60, 90, 120 and 240 
seconds after cuff release and at 2, 3, 4, 5 and 6 minutes after nitroglycerine administration. 
All diameters were measured at the end-diastolic phase of the cardiac cycle, immediately 
prior to the QRS complex (recognized by means of a simultaneous ECG signal). Flow 
Mediated Dilation in the SFA and BA and endothelium independent vasodilatation in the SFA 
were expressed as both the maximal absolute and relative diameter change in end-diastolic 
baseline diameter. The ratio between the maximal endothelium dependent vasodilatation and 
the maximal endothelium independent vasodilatation was expressed as FMD/NTG. Since the 
FMD response is directly proportional to the magnitude of the stimulus (22), the FMD 
response was also expressed relative to the delta shear rate. Ratio’s were calculated for the 
FMD/delta PWSR and FMD/delta MWSR. 
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Statistical analyses 
Statistical analyses were performed using SPSS 8.0. A student t-test for independent groups 
was used to test differences in subject characteristics and to assess differences between SCI 
and C in resting arterial characteristics, hyperaemic responses, endothelial dependent 
vasodilatation, endothelial independent vasodilatation, and the ratio’s FMD/NTG and 
FMD/∆shear rates. Reproducibility, expressed as percentage of the indicated parameter, was 
calculated according to the following formula (23): 
 ∑ (x1- x2)2/2n  
½ * (mean first test + mean second test) 
in which x1 represents the result of the first test, x2 the result of the second test and n the 
number of paired observations. The level of statistical significance for all tests was set at 5%.  
 
Table 2. Resting arterial characteristics of the common femoral artery (CFA), superficial femoral artery (SFA) 
and brachial artery (BA). PWSR = peak wall shear rate; MWSR = mean wall shear rate. Values are expressed as 
mean (SD). NS means not significantly different between groups. 
 
Common Femoral Artery  SCI C P-Value 
Diameter (cm) 0.70 (0.05)  1.03 (0.08)  < 0.001 
Flow (ml/min) 290 (230) 364 (128) NS 
MWSR (s-1) 73 (62)  30 (15)  0.04 
PWSR (s-1) 513 (234)  353 (99)  0.04 
Superficial Femoral Artery    
Diameter (cm) 0.79 (0.07)  < 0.001 
Flow (ml/min) 116 (83) 120 (28) NS 
MWSR (s-1) 71 (40)  21 (8)  < 0.001 
PWSR (s-1) 530 (89)  341 (71)  < 0.001 
Brachial Artery     
Diameter (cm) 0.45 (0.06) 0.44 (0.02) NS 
Flow (ml/min) 40 (21) 38 (19) NS 
MWSR (s-1) 36 (20) 38 (16) NS 
PWSR (s-1) 606 (168) 681 (99) NS 
0.51 (0.06)  
 
Results  
 
Age, height, body mass and blood pressure did not differ between the groups (Table 1). The 
reproducibility for the resting measurements in eight C subjects in the SFA was 1.5% for 
diameter, 14% for blood flow, 9% for PWSR and 13% for MWSR, and in the BA 1.0 % for 
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diameter, 18% for blood flow, 11% for PWSR and 18% for MWSR. The reproducibility for 
the hyperaemic flow and shear rates varied between 12-16% for the SFA and 16-19% for the 
BA. The reproducibility for the relative FMD changes was 15 % for the SFA and 16% for the 
BA measurements.  
Resting characteristics   
Vessel diameter of the CFA and SFA were significantly reduced and PWSR and MWSR of 
the CFA and SFA were significantly elevated in SCI compared with C (Table 2). No 
differences in blood flow of the CFA and SFA were found between SCI and C. Resting 
arterial characteristics of the BA were not different between the groups (Table 2). 
 
Table 3. Absolute hyperaemic responses in the superficial femoral artery (SFA) and brachial artery (BA). PWSR 
= peak wall shear rate; MWSR = mean wall shear rate. Values are expressed as mean (SD). NS means not 
significantly different between groups. 
 
Superficial Femoral Artery SCI C P-value 
Peak Flow (ml/min) 1805 (745)  4883 (1585)  < 0.001 
Mean Flow (ml/min) 538 (259)  1413 (570)  0.001 
MWSR (s-1) 327 (62)  241 (96) 0.019 
PWSR (s-1) 1085 (195)  826 (260) 0.016 
Brachial Artery     
Peak Flow (ml/min) 1608 (516)  1128 (201)   0.028 
Mean Flow (ml/min) 437 (171)  283 (94)   0.028 
MWSR (s-1) 386 (90)  293 (85)  0.035 
PWSR (s-1) 1358 (206) 1156 (193)  NS 
 
Table 4. Differences between hyperaemic responses and resting values in the superficial femoral artery (SFA) 
and brachial artery (BA). PWSR = peak wall shear rate; MWSR = mean wall shear rate. Values are expressed as 
mean (SD). ∆ = Delta. NS means not significantly different between groups. 
Superficial Femoral Artery SCI C P-value 
∆ Flow (ml/min) 422 (225)  1293 (563)  < 0.001 
∆ MWSR (s-1) 256 (75) 219 (92) NS 
∆ PWSR (s-1) 555 (220) 485 (202) NS 
Brachial Artery     
∆ Flow (ml/min) 379 (164)  245 (81)  0.035 
∆ MWSR (s-1) 349 (89)  256 (81)  0.028 
∆ PWSR (s-1) 752 (292)  479 (223)  0.043 
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Hyperaemic responses  
In the SFA, hyperaemic flow and delta flow after arterial occlusion were significantly higher 
in C than in SCI (p< 0.001). Absolute hyperaemic shear rates were significantly higher in SCI 
(p< 0.05) whereas delta shear rates did not differ between the groups (Table 3 and Table 4).  
In the BA, absolute hyperaemic flow, delta hyperaemic flow and delta shear rates were 
significantly higher in SCI than in C (p< 0.05); (Table 3 and Table 4).  
 
Table 5. Absolute diameter at rest, post hyperaemic (FMD) and after nitroglycerine (NTG) administration in 
superficial femoral artery (SFA) and brachial artery (BA) in spinal cord-injured individuals (SCI) and control 
group (C).  * p < 0.05, significantly different from controls.  
 
SFA Diameter rest (mm) Post FMD (mm) Post NTG (mm) 
SCI 5.0 (0.6) * 5.8 (0.7)* 5.8 (0.7)* 
Controls 7.9 (0.7)  8.7 (0.8) 9.0 (0.9) 
BA Diameter rest (mm) Post FMD (mm)  
SCI 4.5 (0.6) 5.1 (0.6)  
Controls 4.3 (0.3) 4.9 (0.2)  
  
FMD  
In the SFA, absolute changes in FMD were not different between groups (SCI: 0.73 ± 0.01 
mm; C: 0.74 ± 0.02 mm), whereas relative changes in FMD were significantly greater in SCI 
than in C (SCI: 14.1 ± 1.3%; C: 9.2 ± 2.3%) (p< 0.01) (Figure 1A en 1B). In the BA, absolute 
and relative changes in FMD were not different between groups (SCI: 0.56 ± 0.1mm, 12.5 ± 
2.9%; C: 0.6 ± 0.1 mm, 14.2 ± 3.3 %) (Figure 1A and 1B). Absolute diameters of SFA and 
BA at rest, post-hyperaemic (FMD) and after nitroglycerine (NTG) administration are 
presented in Table 5.   
 
Table 6. Ratio’s of FMD/delta shear rates in superficial femoral artery (SFA), brachial artery (BA) in the spinal 
cord-injured group (SCI) and controls (C). * p < 0.05, significantly different from controls.  
 
  
SFA in SCI 
 
SFA in C 
  
BA in SCI 
 
BA in C 
 
FMD/∆ MWSR (%/s-1)         
 
0.061 (0.023) 
 
0.049 (0.024) 
  
0.037 (0.01) * 
 
0.061 (0.027) 
 
FMD/∆ PWSR (%/s-1)    
 
0.037 (0.04) 
 
0.022 (0.01) 
  
0.021 (0.019) 
 
0.044 (0.042) 
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Ratio dilation/stimulus 
No significant differences between SCI and C were found for the ratio FMD/delta MWSR, 
and the ratio FMD/delta PWSR in the SFA (Table 6). In the BA, a significantly decreased 
ratio FMD/delta MWSR was found for SCI compared with C (p< 0.05) whereas no 
differences between the groups were found for the ratio FMD/delta PWSR.  Figure 3 
illustrates the relationship between % FMD and the delta hyperaemic responses of MWSR 
and PWSR for SCI individuals and controls in SFA (Figure 3A) and BA (Figure 3B).    
Endothelium independent vasodilatation: Absolute diameter change after nitroglycerine 
administration was significantly greater in C than in SCI  (SCI: 0.77 ± 0.1 mm; C: 1.06 ± 0.2 
mm) (p< 0.01), whereas relative changes were not different between the groups. (SCI: 15.6 ± 
2%; C: 13.4 ± 2.3%) (Figure 1A and 1B). The ratio between relative changes in FMD/NTG in 
the SFA was significantly higher in SCI than in C (SCI: 0.94 ± 0.1; C: 0.70 ± 0.2) (p< 0.01) 
(Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Maximal absolute diameter increase in mm (1A) of the superficial femoral artery during flow 
mediated dilation (FMD SFA), superficial femoral artery after nitroglycerine administration (NTG SFA) and 
brachial artery during flow mediated dilation (FMD BA) in the spinal cord-injured group (SCI) and control 
group (C). Maximal relative diameter increase in % (1B) of the superficial femoral artery during flow mediated 
dilation (FMD SFA), superficial femoral artery after nitroglycerine administration (NTG SFA) and brachial 
artery during flow mediated dilation (FMD BA) in the spinal cord-injured group (SCI) and control group (C). ** 
p < 0.01, significantly different between groups. 
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Figure 2. Ratio between maximal 
diameter increase during FMD and after 
nitroglycerine administration 
(FMD/NTG) in the superficial femoral 
artery in the spinal cord-injured group 
(SCI) and the control group (C). ** p < 
0.01, significantly different between 
groups.  
 
 
  
Discussion 
 
In contrast to our hypothesis, the results of the present study demonstrate that spinal cord-
injured individuals have a preserved endothelial function in the inactive legs and possibly an 
attenuated endothelial function in the active arms compared with controls. Vascular 
endothelial function, expressed as percentage change in FMD, was enhanced in the femoral 
artery of SCI individuals compared with C whereas no differences between SCI and C were 
found in the relative FMD response of the brachial artery. When taken the stimulus into 
account (using the ratio of FMD/delta shear rate as index for endothelial function), no 
differences between the groups were found for the superficial femoral artery whereas the ratio 
FMD/delta shear rate was significantly lower in the brachial artery of SCI individuals 
compared with C. The reproducibility of the echo Doppler measurements varied from 1-1.5% 
for resting diameters, 9-18% for resting and hyperaemic flow velocity parameters and 15-16% 
for the FMD measurements, which is in line with values previously reported (24-26). 
Therefore, the reproducibility found in the present study, as well as the inclusion of a control 
group measured with the same testing procedures, supports the robustness of our 
observations.   
Resting values and hyperaemic responses 
In accordance with previous studies, the diameter of the femoral artery was significantly 
reduced and resting shear rate levels were significantly elevated in SCI compared with C 
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(11,12,24). Resting common femoral blood flow was not significantly different between SCI 
and C, which is probably due to two outliers in the SCI group with relatively high flows (550 
and 680 ml/min). The unusual high flow in the two SCI subjects is due to a biphasic velocity 
profile, which is indicative for a low peripheral resistance. The latter is in contrast with the 
high leg vascular resistance usually found in SCI individuals (24). Brachial arterial resting 
characteristics are in agreement with previous studies and did not differ between SCI and C 
(25).  
The reactive hyperaemic blood flow in the femoral artery, a marker for the peak vasodilator 
capacity, was significantly lower (i.e. 62%) in the legs of SCI compared with C, which is in 
agreement with findings by Nash et al (27). The atrophy of the vascular bed in the legs of SCI 
probably reflects adaptations to a lower metabolic demand as a consequence of the extreme 
inactivity of the paralyzed legs. In line with these findings, previous studies demonstrated a 
diminished reactive hyperaemic responses after a period of lower limb casting (28) and bed 
rest immobilisation (29). These changes in reactive hyperaemia after a period of inactivity 
maybe the result of functional as well as structural changes in the downstream vascular bed.  
On the other hand, hyperaemic responses in the relatively active upper limb in SCI were 
significantly increased compared with C (i.e. 54%), indicating that chronic upper extremity 
activity leads to an enhanced vasodilator capability of the vascular bed. These observations 
are supported by similar findings in SCI individuals by Shenberger et al (13) and are in line 
with earlier studies showing an increased peak vasodilator response in the active arms of 
tennis players compared with controls (17) and an improved vasodilator capacity in the 
brachial artery after 4 weeks of handgrip training (18,30). The responsible mechanisms for 
this training induced elevation in hyperaemic response may again be related to functional as 
well as structural adaptations in the vascular system.  
Endothelial Function  
The enhanced relative FMD response in the inactive legs of SCI compared with C was an 
unexpected finding, since most training studies show that increased physical activity leads to 
an enhanced endothelial function (15-20). Data on the effect of inactivity are controversial. 
Previous animal studies mimicking physical inactivity by hindlimb unloading report 
inconsistent results with some studies showing a decreased nitric oxide synthase (NOS) gene 
expression and concomitant attenuated endothelium dependent vasodilator responses (31-33), 
while other studies report an upregulation of the NOS system (34,35). In humans, a recent bed 
rest study demonstrated that plasma nitrate and nitrite concentration, an indicator of 
endogenous nitric oxide production, was decreased after 14 days of bed rest immobilisation 
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(36). However, Bonnin et al (37) reported an enhanced FMD response in the brachial artery 
after 7 days of bed rest deconditioning. The authors reported no changes in resting and 
hyperaemic parameters and no changes in endothelium independent vasodilatation from pre to 
post bed rest, which seems to indicate that the enhanced FMD cannot be attributed to 
differences in the stimulus for NO release or to an increased sensitivity of arterial smooth 
muscle cell for NO. Caution should be taken in the interpretation of our FMD results because 
of differences in baseline vessel diameter of the femoral artery as well as differences in the 
trigger for FMD between SCI and C. In previous studies, an inverse relationship between 
vessel size and FMD has been reported (4,38). In accordance with this, relative FMD 
responses can be expected to be higher in SCI subjects, who have smaller diameters of the 
femoral artery than C. The absolute responses in FMD, however, were not different between 
the groups. Since our groups have significantly different baseline diameters, a possible better 
way to compare the FMD response is to express the diameter change relative to the trigger 
(i.e. the difference between maximal hyperaemic flow velocity and resting flow velocity) 
(22,39). When considering the ratio FMD/delta shear rate as an index for endothelial function, 
no significant differences between SCI and C were found in the femoral artery. These 
findings are illustrated in the plots of Figure 3A, in which, however, the SCI subjects 
consistently show a larger relative FMD response per delta shear rate, indicating a preserved 
endothelial function in the inactive legs of the SCI individuals.  
In the brachial artery the SCI group experienced a larger hyperaemic stimulus, but exhibited 
less dilation, resulting in a significantly decreased FMD/delta MWSR ratio. These findings 
suggest that SCI individuals may have endothelial dysfunction compared with C. However, 
calling a 12.5% FMD response in brachial artery of the SCI individuals ‘’dysfunctional’’ may 
be an overstatement, since this is still a large response compared with values from literature in 
which FMD responses of approximately 10% are reported in healthy individuals (4,40). In 
addition, in the present study, 4 subjects in the control group participated in racket sports like 
tennis and table tennis, which may contribute to the relatively high brachial FMD responses 
of about 14% in our control subjects.  
According to the minimum cost theory, the human arterial system strives to maintain a 
constant shear stress by adapting the internal vessel diameter to chronic changes in blood 
flow. This arterial remodelling process has been shown to depend on an intact endothelium 
(41,42). In spinal cord-injured individuals, the vessel diameter of the femoral artery decreases 
excessively leading to an increase in basal shear stress. The almost doubled resting femoral 
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shear stress levels in SCI individuals may suggest that this process is disturbed after a period 
of extreme inactivity and or paralyses, which may be indicative for endothelial dysfunction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. FMD response (%) versus the reactive stimulus delta wall shear rate (hyperaemic PWSR and MWSR - 
resting PWSR and MWSR, respectively) in the superficial femoral artery (SFA) (3A), and brachial artery (BA) 
(3B) in the spinal cord-injured individuals (SCI) and the control group (C).   
 
The possibility of eventual endothelial damage due to chronically elevated shear stress is 
supported by earlier studies by Fry (43) and more recent by Nomura (44), who present 
evidence that high shear rates may contribute to the development of atherosclerotic processes 
as has been reported previously to occur for regions of low shear stress levels (45). 
In SCI individuals, it may well be that the enhanced levels of basal shear stress lead to an 
upregulation of eNOS, since it has been shown that shear stress is a potent physiological 
stimulus for NO release. Previously, it has been shown that NOS gene expression in 
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endothelial cells is augmented after exposure to increased shear stress levels (46) and similar 
observations were made in animal training studies, where repeated episodes of increased shear 
stress seemed to be the basis for a NOS mRNA upregulation (47). Beside the chronically 
enhanced resting shear stress levels, a lack of variation in shear stress in the vessels supplying 
the paralyzed and inactive leg muscles of SCI individuals (this in contrast with the great 
variation in shear stress levels in the active legs of ambulant able-bodied individuals) may 
contribute to an upregulation in the NO pathway. The present study, however, shows that 
vascular smooth muscle function was not altered in SCI by demonstrating no differences 
between SCI and C in the relative NTG response. The fact that the FMD response and the 
nitroglycerine response were almost similar in the SCI group (ratio FMD/NTG: 0.94) means 
that the endothelium dependent FMD response in the inactive legs of the SCI individuals 
reaches approximately maximal achievable vasodilatation levels (48). Taken into account that 
the relative dilatory response to nitroglycerine was not different between the groups, the 
explanation for this maximal FMD induced vasodilation is likely related to a higher NO 
release in SCI individuals. In controls, the FMD/nitroglycerine ratio shows a 30% vasodilator 
reserve for FMD, which is in agreement with previous studies in the brachial artery reporting 
a FMD/nitroglycerine ratio of 60-70% in healthy controls.  
Limitations 
We consider the spinal cord-injured population as a unique ‘human model of nature’ to assess 
peripheral vascular adaptations to extreme inactivity. As valuable as information is from this 
patient population, one should be cautious to extrapolate these results to the general 
population because of other unique pathologies underlying spinal cord injury, such as 
disturbed sympathetic innervation. Although animal experiments have shown that 
sympathectomy may affect endothelial function, i.e. long term sympathectomy in rats causes 
a decrease in endothelial NOS expression and an increase in endothelin-1 (49),  results from 
several human studies suggest that endothelial function after chronic sympathectomy does not 
change (50). In addition, previous studies in SCI have shown that most of the adaptations in 
the circulatory system in SCI are reversible by functional electrostimulation training (24,51), 
which suggests that the adaptations in the inactive and paralyzed legs in SCI seem to result 
primarily from deconditioning.  
In conclusion, vascular endothelial function, expressed as percentage change in FMD, was 
enhanced in the femoral artery of the SCI individual compared with controls whereas no 
differences between the groups were found in the relative FMD response of the brachial 
artery. When taken the stimulus into account (using the ratio of FMD/delta shear rate as index 
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for endothelial function) the results indicate that spinal cord-injured individuals have a 
preserved endothelial function in the inactive legs and possibly an attenuated endothelial 
function in the active arms as compared with able-bodied controls.  
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 Electrical stimulation alters FMD and arterial compliance in extreme inactive legs 
Abstract 
 
The main aim of the study was to assess the effect and time course of 4 weeks of electrically 
induced leg training on arterial compliance and endothelial function. Six spinal cord-injured 
(SCI) individuals participated in 4 weeks of daily one-leg functional electrical stimulation 
(FES) training for 30 minutes per session. Eight able-bodied individuals served as a control 
group (C) and were tested on one occasion. Echo Doppler measurements were performed 
before the FES training, and after 1, 2 and 4 weeks of training to measure vascular 
characteristics of femoral artery (FA), brachial artery (BA) and carotid artery (CA). Baseline 
arterial compliance of FA (SCI: 0.019 ± 0.06 mm2/mmHg C: 0.07 ± 0.02 mm2/mmHg, p  = 
0.001) and CA (SCI: 0.07 ± 0.02 mm2/mmHg: C: 0.10 ± 0.02 mm2/mmHg, p = 0.02) was 
significantly decreased in SCI. Baseline endothelial function in the leg was significantly 
enhanced in SCI compared with C (SCI: 11 ± 1.3 %, C: 7.9 ± 0.9 %, p = 0.001). No 
differences between the groups were found for arterial compliance and endothelial function in 
the arm. Vascular changes following FES training showed an increase in arterial compliance 
(significant at week 4, p < 0.05) and a decrease in FMD response (significant at week 2 and 4, 
p < 0.05) in the FA of the trained leg only, with no changes evident in the other arteries 
examined. Daily electrically induced training of an extremely deconditioned leg appears to 
enhance arterial compliance in the femoral artery and may normalize endothelial function.   
 
Introduction 
 
Both endothelial dysfunction and decreased central arterial compliance have been shown to be 
associated with the incidence and progression of cardiovascular diseases (CVD) (1,2). 
Besides traditional risk factors such as hypertension, hypercholesterolemia, smoking, diabetes 
and aging, a physically inactive lifestyle is now a well established independent risk factor for 
the development of CVD (3). In individuals with a spinal cord injury (SCI), skeletal muscle 
paralysis below the lesion may be considered a unique model of extreme inactivity to study 
related vascular adaptations in-vivo. Earlier studies have shown that extensive adaptations 
occur in the peripheral circulation of the inactive and paralyzed legs. These vascular 
adaptations are characterized by a reduction in vessel diameter, a decrease in blood flow, an 
increase in shear stress and a decrease in arterial compliance of the femoral artery (4,5). In a 
recent study, we demonstrated that the absolute flow mediated dilation (FMD) response to leg
  129  
Chapter 7  
occlusion was unchanged, while the relative FMD response was increased, in the inactive legs 
of SCI individuals, compared with control subjects (6). The finding of an enhanced FMD 
response in deconditioned arteries may be surprising since it has been shown previously that 
FMD increases following exercise training (7,8). These findings may imply that vascular 
adaptations to deconditioning are not simply the opposite of adaptations to exercise training, 
and different mechanisms might be involved.  
Regular endurance exercise has been shown to improve endothelial function and central, but 
not peripheral, arterial compliance in able-bodied individuals (8,9) and in subjects with CVD 
(7,10). However, previous cross-sectional studies have demonstrated that compliance in the 
femoral artery is significantly higher in endurance trained athletes compared with sedentary 
controls (11) and spinal cord-injured individuals (12). It is not known, however, whether the 
changes in arterial compliance and endothelial function in SCI are reversible by training after 
a prolonged period of extreme deconditioning and what the time course of these training 
induced vascular adaptations might be. Animal research (13) and, recent human evidence 
suggest that vascular adaptations occur within days or weeks of the onset of training (14). 
Further, there is no consensus in the literature whether endothelial adaptations to exercise 
training are locally mediated, i.e. restricted to the vasculature directly involved in the training 
stimulus (14) or are more generalized and also occur in other non-exercising vascular beds 
(15).  
The main aim of the present study, therefore, was to investigate the effect and the time course 
of enhanced physical activity after a long period of deconditioning on central and peripheral 
arterial compliance and on endothelial function. Arterial compliance was measured in the 
superficial femoral, brachial and carotid arteries and local FMD responses were measured in 
the superficial and brachial artery prior to, and after 1, 2, and 4 weeks of daily leg functional 
electrical stimulated (FES) training in a group SCI individuals. The training included one leg 
only, while the other leg was used as a time control.  
We hypothesized that FES training would result in improved arterial compliance in the 
paralyzed, trained limb, and no changes in arterial compliance were expected in the control 
leg or in other vessels. In addition, we hypothesized that FES training would result in an 
increase in femoral arterial diameter, and a reduction in shear stress and endothelial function 
resulting in a shift towards values observed in able-bodied individuals.   
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Material and methods 
 
Subjects 
Six spinal cord-injured (SCI) individuals (3 male, 3 female; mean age 43 ± 7) with a motor 
complete injury (ASIA A/B) between T4 and L2 (time since injury 14.5 ± 9.9 yrs) and eight 
able-bodied controls (4 males, 4 females; mean age 41 ± 10 yrs) (C) participated in the study. 
Individuals known to have cardiovascular diseases, diabetes, hypercholesterolemia, high 
blood pressure or other cardiovascular co-morbidity were excluded from the study. For the 
SCI individuals, cardiac arrhythmia, presence of pacemaker, metal implants in the area of the 
stimulation, pressure ulcers, severely reduced mobility in knee joint, and previous bone 
fractures were additional exclusion criteria. None of the subjects were taking any medication 
likely to interfere with the cardiovascular system. The study was approved by the Hamilton 
Health Sciences Research Ethics Board and all subjects provided written informed consent 
before participating. Subject characteristics are presented in Table 1.  
 
Table 1: Subject characteristics of the spinal cord-injured individuals (SCI) and the control subjects (C). Values 
are expressed as mean (SD). NS means not significantly different between the groups. 
  
SCI (n =6) 
 
C (n =8) 
 
P-value 
Age (yrs)  44 (7) 41 (10) NS 
Body Mass (kg) 77 (23) 73 (12) NS 
Height (cm) 172 (9) 173 (14) NS 
Systolic blood pressure (mmHg) 116 (9) 115 (12) NS 
Diastolic blood pressure (mmHg) 68 (12) 71 (3) NS 
Leg Volume (ml) 7196 (2145) 8107 (1766) NS 
 
Functional Electrical Stimulation Intervention  
The one-leg functional electrical stimulation (FES) training consisted of 4 weeks of daily 
training of the quadriceps (rectus femoris and vastus medialis), tibial anterior and 
gastrocnemic muscles with a portable stimulator (Elpha 2000, Danica, Leusden, the 
Netherlands) for 30 minutes oer day. Self-adhesive 50x89mm surface electrodes (Bioflex, PE 
3590, Danica, Leusden, the Netherlands) were placed over the motor points of the proximal 
and distal part of the quadriceps muscle, and over the tibialis anterior and gastrocnemius 
muscle. Electrode placements were marked using a waterproof felt-tip marker to ensure that 
the same muscle proportion was stimulated throughout the training intervention. During each 
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training session, subjects sat in their wheelchair with their knees in an angle of approximately 
90 degrees. Lower limbs were fixed using a tight elastic strap around the ankles to prevent 
large movements of the legs during stimulation. In case of severe muscle spasms during the 
training, the elastic strap allowed some movement in order to prevent any limb damage. The 
stimulation consisted of 20Hz trains of 2 seconds duration and 3 seconds rest with a 
monophasic square wave electrical pulse of 0.25 ms and a stimulation current of 60mA (16).     
 
Protocol and measurements  
The vascular properties of the able-bodied controls were measured on one occasion. For the 
SCI individuals testing was performed prior to the training, at week 1, week 2 and after 4 
weeks of training. The same testing procedures were carried out at all time points. Vascular 
function measurements were conducted under standardized quiet conditions in the supine 
position at least 24 hours post exercise, after a 6-hour fast, and a 12 hour abstinence from 
alcohol and nicotine. Repeated assessments in the SCI group were performed at the same time 
of day. After a resting period of 15 minutes, blood pressure was measured with Dinamap. 
Subsequently, circumferences in both legs were determined at fixed positions and total limb 
volume was calculated as described previously by Jones (17).  Resting mean red blood cell 
velocity and vessel diameter of left carotid, (CA), left brachial, (BA), right and left common 
femoral, (CFA) and superficial femoral arteries (SFA) were measured using echo Doppler 
ultrasound with a high-resolution 5-10MHz linear array transducer (System Five, GE Systems 
USA). Measurements for the CA were obtained approximately 1.5 cm proximal to the 
bifurcation. Images for the CFA were made just below the inguinal ligament, about 2 cm 
proximal of the bifurcation of the deep and superficial femoral arteries. SFA images were 
made 3 cm distal to the bifurcation and BA images were obtained approximately 3 cm 
proximal to the olecranon process. For the measurement of the arterial diameter, three digital 
images in B mode were obtained and stored for later off-line analyses (Echopac Version 4.2, 
GE Systems USA). For blood velocity measurements, the sample volume was adjusted to 
cover the width of the vessel, and thus the complete blood velocity distribution. For the 
measurement of FMD responses in the SFA, a large cuff (SC12D, Hokanson,USA) was 
placed around the upper thigh, approximately 10 cm distal to the greater trochanter. The cuff 
was inflated to 220 mmHg for 10 minutes (E20 Rapid Cuff Inflator, AG 101 Cuff Inflator Air 
Source, Hokanson, USA). After cuff deflation, hyperemic flow velocity of the SFA was 
assessed during the first 25 seconds. Diameter images were digitally stored at standardized 
time points during the 3 minutes after cuff release. To assess the FMD response in the BA, a 
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cuff around the forearm was inflated for 5 minutes. Hyperemic flow velocity was recorded 
during the first 25 seconds after cuff release and a 17 second digital videoclip of the diameter 
was obtained from 53 seconds to 70 seconds post-occlusion and stored for later off-line 
analyses. For SCI individuals undergoing the FES training intervention, resting arterial 
properties and FMD responses were assessed in both the trained and untrained leg. In the 
able-bodied controls, leg measurements were performed in the left leg only.  
Diameter  
Off-line, three measurements of maximal systolic expansion and minimum diastolic 
relaxation were performed per digital artery image and the obtained diameters were averaged. 
Lumen diameter was defined as the distance between the far wall boundary, i.e. lumen-intima 
interface, and the near wall boundary corresponding to the media-adventitia interface. The 
mean diameter (D) was calculated by using the formula: 1/3 · systolic diameter  + 2/3 · 
diastolic diameter.  FMD responses of the SFA and BA after reactive hyperaemia were 
measured from digitally stored images at 30, 60, 90, 120 and 180 seconds after cuff release 
for SFA and at 55, 60, 65 and 70 seconds after cuff release for BA. For FMD analysis all 
diameters were determined during the end-diastolic phase of the cardiac cycle. FMD in the 
SFA and BA was expressed as the relative diameter change from end-diastolic baseline 
diameter prior to cuff inflation.  
Equation 1  
Relative FMD =  end-diastolic FMD diameter – end-diastolic rest diameter  X 100%, 
end-diastolic rest diameter 
 
The FMD response was also expressed relative to the magnitude of the stimulus as 
represented by the increase in shear rate.  
Equation 2  
Normalized FMD = relative FMD  X 100% 
        mean wall shear rate   
where, mean wall shear rate (MWSR) is: 
Equation 3  
Mean Wall Shear Rate = 4 X mean red blood cell velocity  
                                resting  diameter 
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Analyses  
Blood cell velocity  
The raw audio signal corresponding to the Doppler signal was output from the echo Doppler 
ultrasound system and input into a spectral analyzer (Neurovision 500M TCD, Multigon 
Instruments, Yonkers, USA). Mean red blood cell velocity was determined using fast fourier 
trasformation and acquired with an analogue to digital data acquisition system for off-line 
beat to beat analyes  (Powerlab 16/SP, ADInstruments). For both resting and hyperemic flow 
responses, mean blood flow in ml/min was calculated as  
Equation 4  
Mean Blood Flow = 1/4 π X (mean diameter)2 X mean blood velocity X 60  
 
Delta flow and delta MWSR were defined as the difference between rest and hyperemic 
responses.  
Blood pressure 
Pulse pressure, for the determination of arterial compliance, was acquired using applanation 
tonomotry. A pencil-type probe containing a high-fidelity strain-gauge transducer (SPT-301, 
Milar Instruments Inc., Texas, USA) was applied perpendicular to the BA and CA. This 
device provides a pressure waveform that does not differ in both the time and frequency 
domain, from the blood pressure waveform acquired intravascularly (18). Since the 
magnitude of the obtained signal varies with hold-down pressure, calibration of the pulse 
pressure signal was achieved by equating the mean and diastolic signals obtained with the 
device to those of absolute mean and diastolic blood pressure measured using radial 
applanation tonometry (model CBM-7000, Colin Medical Instruments, San Antonio, USA). 
Simultaneous continuous signals obtained from both radial- and Millar tonometer devices 
were output to a data acquisition system (Powerlab 16/SP, ADInstrumenst), which sampled at 
a frequency of 200Hz for subsequent off-line analyses. Digital acquisition of arterial images 
was synchronized with acquisition of blood pressure signals, by way of a trigger. Thus, 
measurements of pulse pressure and changes in diameter could be synchronized for more 
accurate determination of arterial compliance at the site of interest.   
Pulse pressure (PP) was defined according to the formula Ps - Pd (mmHg) in which Ps is 
systolic blood pressure and in which Pd is diastolic blood pressure. Arterial cross-sectional 
compliance was calculated as the changes in cross-sectional area relative to the pulse pressure 
according to the formula (∆D/Dmean)/(2·∆P) ·π · Dmean2   (mm2/mmHg) (2). (∆ D is the 
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difference between systolic and diastolic diameter, D mean is 1/3 · systolic diameter  + 2/3 · 
diastolic diameter, ∆ P is the difference between systolic and diastolic pressure).  
 
Statistical analyses  
Statistical analyses were performed using SPSS 11.0. A non-parametric Mann Whitney-U test 
was applied to assess baseline differences between SCI and C in subject characteristics, 
arterial compliance, vessel diameter, blood flow, MWSR, hyperemic flow, hyperemic 
MWSR, relative FMD responses and the ratio FMD/delta MWSR. Time course changes 
throughout the training study were analyzed using a 1-way analysis of variance with repeated 
measures. Tukey post-hoc procedures were used to evaluate specific differences between 
means. An alpha level of < 0.05 was considered statistically significant. Values are presented 
as means ± standard deviation (SD). 
 
Table 2. Baseline arterial characteristics of the left superficial femoral artery (SFA), left common femoral artery 
(CFA), carotid artery (CA) and left brachial artery (BA) in spinal cord-injured individuals (SCI) and controls 
(C). MWSR = mean wall shear rate. Values are expressed as mean (SD). NS means not significantly different 
between groups. 
Superficial Femoral Artery (SFA) SCI (N=6) C (N=8) P-value 
Diameter (mm) 5.5 (0.8) 7.3 (1.2) 0.005 
MWSR (s-1) 40 (18) 19 (6) 0.01 
Flow (ml/min) 84 (45) 86 (36) NS 
Arterial compliance (mm2/mmHg) 0.0185 (0.063) 0.066 (0.017) 0.001 
Common Femoral Artery (CFA)    
Diameter (mm) 6.8 (0.9) 9.4 (1.6) 0.003 
Flow (ml/min) 196 (133) 201 (95) NS 
MWSR (s-1) 51 (21) 19 (7) 0.008 
Carotid Artery (CA)    
Diameter (mm) 7.1 (0.3) 7.0 (0.4) NS 
MWSR (s-1) 82 (18) 88 (21) NS 
Flow (ml/min) 348 (94) 355 (64) NS 
Arterial compliance (mm2/mmHg) 0.073 (0.02) 0.102 (0.02) 0.02 
Brachial Artery (BA)    
Diameter (mm) 4.5 (0.6) 4.1 (0.9) NS 
MWSR (s-1) 50 (24) 45 (33) NS 
Flow (ml/min) 56 (38) 37 (31) NS 
Arterial compliance (mm2/mmHg) 0.016 (0.005) 0.011 (0.003) NS 
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Results 
  
The subject characteristics age, body mass, height, blood pressure and leg volume did not 
differ between SCI and C (Table1).  
Resting baseline characteristics  
Arterial compliance  
In the SFA and CA, arterial compliance was significantly reduced in SCI compared with C 
whereas no differences between the groups were found for arterial compliance of the BA 
(Table 2).  
FMD responses 
In the SFA, FMD response and the FMD response relative to stimulus (MWSR) were 
significantly higher in SCI compared with C. No differences between the groups were found 
for the absolute or relative FMD responses in the BA (Table 3).   
 
Table 3. Hyperemic responses and FMD of the left superficial femoral artery (SFA), and left brachial artery 
(BA) in spinal cord-injured individuals (SCI) and controls (C). FMD = Flow Mediated Dilation. Delta MWSR: 
Difference between maximal hyperemic mean wall shear rate and resting mean wall shear rate. Delta Flow: 
Difference between maximal hyperemic flow and resting blood flow. NS means not significantly different 
between groups.  
 
Superficial Femoral Artery (SFA) SCI (N=6) C (N=8) P-value 
Hyperemic blood flow (ml/min) 324 (172) 915 (165) 0.02 
Hyperemic MWSR 133 (29) 211 (35) 0.01 
Delta blood flow 240 (131) 834 (137) 0.01 
Delta MWSR 173 (45) 231 (35) 0.01 
Relative FMD increase (%)  11.0 (1.3) 7.9 (0.9) 0.001  
Ratio FMD/delta MWSR (%/s-1)  0.085 (0.017) 0.038 (0.007) 0.001 
Brachial Artery (BA)    
Hyperemic blood flow (ml/min)  379 (111) 243 (125) NS 
Hyperemic MWSR 362 (78) 296 (77) NS 
Delta blood flow (ml/min) 323 (95) 206 (112) 0.02 
Delta MWSR 312 (79) 251(74) NS 
Relative FMD increase (%)  11 (1.9) 10.5 (1.6) NS 
Ratio FMD/delta MWSR (%/s-1)  0.037 (0.011) 0.045 (0.012) NS 
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Diameter, blood flow, MWSR 
Vessel diameters of the CFA and SFA were significantly reduced and MWSR was 
significantly increased in SCI compared with C (Table 2). Femoral blood flow did not differ 
between SCI and C. No differences between the groups were found for diameter, blood flow 
and MWSR in the BA and CA (Table 2). 
Hyperemic responses 
In the SFA, absolute hyperemic flow, MWSR and delta hyperaemic blood flow and delta 
MWSR were all significantly lower in SCI than C (Table 3). In the BA, delta hyperemic flow 
was significantly higher in SCI than in C whereas absolute hyperemic flow, MWSR and delta 
MWSR did not differ between the groups (Table 3).  
 
Table 4. Time course changes (pre training, 1 week, 2 weeks, and post training) in vascular parameters in trained 
superficial femoral artery (SFA), untrained SFA, carotid artery (CA) and brachial artery (BA) in spinal cord-
injured individuals (SCI). MWSR = mean wall shear rate. FMD = Flow Mediated Dilation. Hyp. Flow is 
absolute hyperemic blood flow after occlusion. Values are expressed as mean (SD). 
 
SFA trained leg Pre 1 week 2 weeks Post 
Diameter (mm) 5.6 (0.8) 5.5 (0.8) 5.7 (0.8) 5.7 (0.9) 
MWSR (s-1) 41(19 62 (36) 40 (28) 40 (25) 
Flow (ml/min) 91 (59) 138 (94) 77 (40) 78 (30) 
SFA untrained leg     
Diameter (mm) 5.5 (0.8) 5.4(0.8) 5.4 (0.8) 5.4 (0.8) 
MWSR (s-1) 40 (18) 62 (47) 46 (47) 54 (52) 
Flow (ml/min) 84 (45) 96 (59) 73 (41) 84 (47) 
CA     
Diameter (mm) 7.1 (0.3) 7.0 (0.3)  7.1 (0.2) 7.0 (0.4) 
MWSR (s-1) 82 (18) 89 (27) 94 (21) 86 (22) 
Flow (ml/min) 348 (94) 365 (104) 388 (77) 365 (55) 
BA     
Diameter (mm) 4.5 (0.6) 4.5 (0.6) 4.5 (0.6) 4.5 (0.7) 
MWSR (s-1) 50 (24) 63 (39) 63 (39) 64 (38) 
Flow (ml/min) 56 (38) 67 (38) 73 (54) 67 (41) 
Hyp. flow (ml/min)  379 (111) 344 (29) 324 (36) 318 (48) 
FMD (%)  11 (1.9) 10.7 (2.4) 10.6 (2.3) 10.7 (2.4) 
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Figure 1: Changes over time in arterial compliance in the trained and untrained leg of the superficial femoral 
artery (Figure 1A), carotid artery (figure 1B) and brachial artery (figure 1C). The dots represents the mean value 
± SE of 6 spinal cord-injured individuals (SCI) before the training, and after 1, 2 and 4 weeks of training. Mean 
value (SE) of the control subjects (C) is presented and illustrated in the figures as a black square. # Significance 
between SCI and C. * Significant changes over time versus pre-test score in trained limb. P < 0.05  
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Time course changes throughout 4 weeks FES training 
Arterial compliance and hyperemic blood flow responses increased significantly after 4 weeks 
of training in the SFA of the trained leg (p< 0.05); (Figure 1, Figure 3, respectively) with no 
changes in these vascular parameters in the SFA of the untrained leg, the CA and the BA.  
Relative FMD responses in the SFA decreased significantly after 2 and 4 weeks of FES 
training in the trained leg (p < 0.05) (Figure 2A) with no alterations in the untrained leg or the 
arm. The ratio FMD/MWSR decreased, although not significantly (p =0.058) in the trained 
leg whereas no changes were found in the SFA of the untrained leg and in the arm (Figure 
2B). Throughout the training intervention, no changes were found in resting vessel diameters, 
blood flow and shear rate in the FA, CA and BA (Table 4). In addition, no changes 
throughout the FES training were observed for systolic and diastolic blood pressure or leg 
volumes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Changes over time in relative Flow Mediated Dilation (figure 2A) and the ratio FMD/shear rate (figure 
2B) in the trained and untrained leg in the superficial femoral artery. The dots represents the mean value ± SE of 
6 spinal cord-injured individuals (SCI) before the training, and after 1, 2 and 4 weeks of training. Mean value 
(SE) of the control subjects (C) is presented and illustrated in the figures as black square. # Significance between 
SCI and C. * Significant changes over time versus pre-test score in trained limb. P < 0.05.   
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Figure 3: Changes over time in hyperemic blood flow of the trained and untrained leg of the superficial femoral 
artery. The dots represents the mean value ± SE of 6 spinal cord-injured individuals (SCI) before the training, 
and after 1, 2 and 4 weeks of training. Mean value (SE) of the control subjects (C) is presented and illustrated in 
the figure as a black square. # Significance between SCI and C. * Significant changes over time versus pre-test 
score in trained limb. P < 0.05.    
 
Discussion 
 
The results of the present study report novel information on the time course of exercise 
induced-changes in two important preclinical atherosclerotic markers, i.e. endothelial function 
(as assessed with FMD response) and arterial compliance. Our findings demonstrate that 4 
weeks of daily unilateral FES training of one chronically inactive and paralyzed leg of SCI 
individuals induces a locally mediated increase in arterial compliance (after 4 weeks), and 
normalization in FMD response (after 2 weeks) in the trained leg versus control leg. The 
vascular properties of the femoral artery of the untrained leg and the brachial and carotid 
arteries were unchanged with unilateral training.  
Baseline resting arterial characteristics and hyperemic responses 
In agreement with earlier studies, vessel diameter of the femoral artery was significantly 
reduced and femoral baseline shear rate levels were significantly elevated in SCI compared 
with C (4,5). Resting blood flow of the CFA and SFA was not significantly different between 
the groups, which is in contrast with earlier studies reporting a decreased blood flow in the 
femoral artery of SCI individuals (19). A possible explanation for this inconsistency may be 
the presence of a biphasic velocity profile in 4 out of 6 participating SCI individuals, resulting 
in relatively high blood flows. This finding has also been described in a recent study (6), in 
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which no difference in resting femoral blood flow was reported between SCI and C. Post-
occlusion hyperemic blood flow was approximately 65% lower in the inactive legs of SCI 
than in C, a finding supported by earlier studies (20) .  
FMD responses 
In line with recent findings (6), the results of our study demonstrate that prior to training 
FMD responses, expressed as relative increase in diameter as well as by ratio FMD/MWSR, 
were significantly increased in the inactive legs of SCI individuals compared with C. An 
increased FMD response in deconditioned arteries is confirmed by recent studies using other 
‘inactivity models’ such as bed rest (21). Normally, changes in blood flow cause alterations in 
blood vessel architecture to normalize wall shear stress. It has been shown that an intact 
endothelium is essential for normal arterial remodelling and an important role has been 
postulated for nitric oxide (NO) (22). The almost doubled resting shear rate levels in the leg-
vessels of SCI individuals suggest that deconditioned vessels are not able to normalize basal 
shear rate levels adequately, which may be indicative for endothelial dysfunction, and as such 
reflected in a deviating FMD response. Since it has been shown that shear stress is a potent 
physiological stimulus for NO release (23) it may be speculated that the chronically enhanced 
basal wall shear stress levels in the inactive and paralyzed legs in SCI individuals result in an 
increase in eNOS which may preserve or even enhance the flow mediated dilatory capacity of 
the artery in the short term but may have negative consequences on the long term. The 
possibility of eventual endothelial damage is supported by earlier studies (24), which provide 
evidence that chronically enhanced shear rates may contribute to the development of 
atherosclerotic processes. An alternative explanation for the higher FMD in the deconditioned 
legs of SCI individuals may be related to the lack of peak shear rate levels normally induced 
by exercise and ambulation and, therefore, absent in these paralyzed legs. Due to the absence 
of periods of high shear rate, basal nitric oxide production in conduit arteries may be 
decreased, which explains the observed decrease in diameter. Since periods of peak shear rate 
remain absent, nitric oxide sensitivity may increase. Increased nitric oxide sensitivity would 
explain the increased FMD in our study. 
In the present study it was found that after years of extreme inactivity, the initially elevated 
FMD responses in the inactive legs of SCI individuals seemed to normalize towards values of 
able-bodied individuals within 2 weeks of daily electrically induced leg training. This 
decrease in FMD response was found for the leg subjected to the FES stimulated contractions, 
while no changes were observed in the untrained leg or in the arm. Animal research suggests 
that endothelium mediated dilation in coronary and conduit arteries is modified early (7-10 
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days) following exercise training but returns to ’normal’ after long term exercise training (i.e. 
10-20 weeks) (13,25). After a period of chronic exercise, structural adaptations (increase in 
vessel diameter) seem to occur, which could result in a normalization or attenuation of shear 
stress during exercise, and thereby, possibly, returning to a ’normal’ endothelial phenotype. 
Only one recent study in humans (14) assessed the time course of unilateral arm exercise 
training on endothelial function and reported an enhanced FMD response in the brachial 
artery of the trained arm after only four days of training. There is currently no consensus 
whether endothelial adaptations to exercise training are locally mediated (14), i.e. restricted to 
the vasculature directly involved in the training stimulus or that more generalized adaptations 
occur in other non-exercising vascular beds as well (15). The current findings support a local 
adaptation in FMD response in the trained leg only. It is possible, however, that the exercise 
stimulus used here was not sufficient to trigger changes in more systemic hemodynamic 
variables and therefore induce more generalized adaptations. Previous exercise studies in 
subjects with cardiovascular diseases (endothelial dysfunction) as well as in healthy controls 
(with normal endothelial function) have shown that exercise enhances FMD responses (7,8). 
In contrast, results of the present study indicate that the FMD response in the inactive and 
paralyzed leg decreases following a period of daily FES training. In SCI, years of extreme 
inactivity result in a total lack of peak shear rate levels.  The abrupt, daily repetitive increase 
in blood flow and shear stress during the FES training may lead to a decrease, i.e., 
normalization in NO-release and/or NO-sensitivity. Consequently, the FMD response in the 
deconditioned legs of SCI individuals normalizes towards values of able-bodied individuals.    
Vascular adaptations may occur first by changes in vascular reactivity, and, in a latter stage, 
by changes in structural properties. Previous studies in SCI reported a significant increase in 
vessel diameter and blood flow of the common femoral artery after 6 weeks of functional 
electrically stimulated leg-cycling (FES-LC) (26). In the present study, 4 weeks of daily one- 
leg aerobic FES stimulation of different muscle groups was not sufficient to induce structural 
changes in vessel dimension of conduit arteries or to modify resting blood flow and shear rate 
levels. A possible explanation for this finding may be related to the shorter training period of 
our study, the stimulation of different and smaller muscle groups, the use of static instead of 
more dynamic contractions and the weaker stimulation current in our study compared with 
previous studies, i.e. 60mA vs 140mA (26).  
Post-occlusion hyperemic blood flow in the trained leg, which is a marker for maximal 
vasodilatory capacity of the vascular bed, increased significantly after 4 weeks of daily FES 
stimulation in the trained-leg, with no changes in the untrained leg and arm vascular bed. 
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These findings may suggest that in contrast to the conduit arteries, structural adaptations did 
occur in the arterioles, which are mainly responsible for the post-occlusion hyperemic blood 
flow. It is possible that distinct physiological mechanism may be involved in the modulation 
of conduit and resistance function in response to exercise training .    
Arterial compliance 
In the present study it was found that initial arterial compliance of the superficial femoral 
artery and carotid artery was significantly reduced in SCI individuals compared with C, a 
finding reported earlier by Schmidt-Trucksass et al (27). In SCI individuals, both the extreme 
inactivity of the paralyzed legs, as well as the loss of supraspinal sympathetic vascular control 
may be contributing factors to the reduced leg arterial compliance. Since SCI individuals 
exhibit central loss of sympathetic control in leg vascular tone, one would expect a decrease 
in vascular tone and leg resistance in this patient population, which might positively affect 
arterial compliance. However, the opposite holds true and most studies report an increased leg 
vascular resistance (28). Recently, Kooijman et al (28) provided evidence that the α-
adrenergic contribution to basal vascular tone was preserved below the level of lesion in 
spinal cord-injured individuals in comparison with controls. From animal experiments it is 
known that long-term sympathectomy results in an increased collagen content in the vascular 
wall, suggesting a stiffening of the vessel wall (29). Giannattasio assessed the effect of 
prolonged immobilization on radial distensibility and reported a marked reduction after 30 
days of plaster immobilization of one arm (30).  In SCI individuals, it may be speculated that 
both structural and functional factors are involved in the adaptation towards a decreased 
arterial compliance. In healthy subjects and in patients with congestive heart failure it has 
been shown that an aerobic exercise program improves central arterial compliance (9,10). 
Previous cross-sectional studies have demonstrated that compliance in the femoral artery is 
significantly higher in endurance trained athletes compared with their sedentary peers (11) or 
with spinal cord-injured individuals (12), suggesting a role for physical activity and the 
potential to improve central and peripheral arterial compliance with training. At present 
however, only limited information is available on the time course of adaptations in arterial 
compliance. Cameron et al (9), suggested that arterial compliance may be modified in the 
early phase after physical exercise training. The authors assessed the effects of 4 weeks of 
aerobic exercise training on arterial compliance in a group of healthy individuals. It was 
demonstrated that changes in systemic arterial compliance and in the regional stiffness index 
of the aortic arch seemed to precede significant changes in blood pressure, and they reported 
that the maximum increase in compliance and decrease in regional stiffness was achieved 
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within the first half of the training phase, i.e. within 2 weeks. In our study it was found that 4 
weeks of daily FES training of a chronically deconditioned leg induced a locally mediated 
improvement in arterial compliance in the trained leg with no changes for the untrained leg, 
the brachial artery and the carotid artery. Although a trend towards an increased arterial 
compliance in the trained leg was notable after just 1 week of daily FES training, significance 
was reached only at 4 weeks of FES training. These findings indicate that even after a 
prolonged period of extreme inactivity and paralysis, adaptations in arterial compliance occur 
in the early phase following training. However, even after these improvements, arterial leg 
compliance was still profoundly lower in SCI individuals than in able-bodied controls (Figure 
1C). In the present study, we can only speculate on the underlying mechanisms responsible 
for the improved peripheral arterial compliance with FES training. The elements of the 
arterial wall that primarily determine arterial compliance are related to the composition of 
elastin and collagen in the tunica media (structural properties) and the vascular tone exerted 
by its smooth muscle cells (functional characteristics). It may be possible that an increased 
blood flow and pulse pressure in the femoral artery during the exercise sessions may have 
decreased the connective tissue cross-linking, thereby increasing arterial compliance in the 
vessel. In animal experiments, Kingwell et al (31) reported an enhanced arterial compliance in 
rats following 16 weeks of spontaneous running. The authors proposed that the changes in 
compliance were a result of altered loading of collagen and elastin.  
Functional changes in the vascular endothelium may also influence the underlying smooth 
muscle tone. As endothelial dysfunction has been proposed to reduce arterial distensibility 
(32), an improved endothelial function may contribute to an increased arterial compliance. An 
upregulation of NO production and other vasodilating factors might directly relax vascular 
smooth muscles and NO itself may inhibit smooth muscle proliferation.  We found a decrease 
in FMD response with training, indicating decreased NO-mediated effects. However, our 
FMD results do not provide information about basal NO release, the latter being relevant for 
arterial compliance. Alternatively, exercise may attenuate the release of endothelial derived 
constricting factors and their sensitivity, thereby influencing arterial compliance.  
Study limitations  
We consider the spinal cord-injured population as a unique ‘human model of nature’ to assess 
peripheral vascular adaptations to extreme inactivity. These results may not, however, 
extrapolate to the general population because of other unique pathologies, such as disturbed 
sympathetic innervation, underlying spinal cord injury. However, sympathectomized patients, 
who lack sympathetic vascular innervation but have normal physical activity patterns do not 
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display the vascular alterations observed in SCI (33). In addition, previous studies in SCI have 
shown that most of the adaptations in the circulatory system in SCI are reversible by 
functional electrical stimulation training (26,34), which suggests that the adaptations in the 
inactive and paralyzed legs in SCI seem to result primarily from deconditioning. 
In conclusion, the results of the present study report novel information on the time course of 
exercise induced changes in two important preclinical atherosclerotic markers. Our findings 
demonstrate that daily electrically induced training of an extremely deconditioned leg in SCI 
individuals normalizes their initially enhanced FMD response and elevates arterial 
compliance and hyperemic flow in the femoral artery of the trained leg only. No changes over 
time were observed in the vascular properties of the femoral artery of the untrained leg and 
the brachial and carotid arteries.   
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 Passive leg exercise does not alter arterial leg blood flow in SCI individuals 
 
Abstract  
 
Persons with a spinal cord injury (SCI) are at increased risk for secondary complications such 
as pressure ulcers and attenuated wound healing because of an impaired circulation and 
concomitant decreased tissue perfusion. It has been suggested that passive exercise enhances 
the blood flow via mechanical pump effects or reflex activation. The purpose of the study is 
to assess the effect of passive leg movements and passive cycling on the arterial circulation in 
individuals with SCI. Eight men with motor complete SCI and eight male controls (C) were 
included. Echo Doppler measurements were performed to measure leg blood flow at rest, 
during and after ten minutes of standardised passive leg movements and twenty minutes of 
passive leg cycling, respectively. Blood pressure was measured continuously and total and leg 
vascular resistance was calculated. In both groups, no changes in leg blood flow, vascular 
resistance nor in blood pressure were observed during or after the two interventions. The 
results of the present study demonstrate that passive leg movements and passive cycling do 
not alter the arterial peripheral circulation in persons with SCI and controls. Although the 
present study does not support the use of passive movements or- exercise for prevention of 
cardiovascular related secondary complications, physical therapists should not be dissuaded 
from using this modality to address musculoskeletal concerns. 
 
Introduction  
 
A spinal cord injury (SCI) results in paralysis of major muscle groups, autonomic nervous 
system dysfunction and loss of sensation. In individuals with chronic SCI, extensive 
adaptations of the central and peripheral circulatory system have occurred. These vascular 
adaptations are characterised by a reduced venous capacity and increased venous flow 
resistance (1,2), loss of left ventricular mass (3), diminished capillarization (4), increased 
vascular resistance (5), and reductions in vessel size diameter (6-9), blood flow (6,7) and 
arterial compliance (8) of the femoral artery. In addition, almost doubled shear stress levels 
have been found in the leg arteries of persons with SCI (6,8,10), which may be indicative for 
endothelial dysfunction (11). Endothelial dysfunction, deceased arterial compliance and 
increased venous flow resistance are vascular characteristics in individuals with SCI, which
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are directly linked with atherosclerosis and deep venous thrombosis (11-13). Moreover, the 
elevated vascular resistance (5) will further reduce peripheral tissue perfusion and capillary 
blood flow, and subsequently contribute to the development of pressure ulcers (3,14) and to 
poor wound healing (15). These secondary complications are a frequent cause of morbidity 
and mortality and lead to a decrease in the quality of life in people with SCI. (16-18). 
Moreover, they account for a major part of the treatment costs (19). Therefore, prevention of 
secondary complications in persons with SCI has become an important topic. Previous studies 
in individuals with SCI have shown that the detrimental adaptations in the circulatory system 
are partly reversible by functional electrical stimulation training (5,20). Moreover, several 
studies have indicated that passive exercise leads to beneficial circulatory (21-24) and 
muscular (25,26) adaptations in healthy people as well as in persons  with SCI. Possible 
mechanisms by which passive exercise may enhance leg blood flow could be related to 
activation of the passive muscle pump or ankle pump, of the mechanoreflexes or of the 
autonomic nervous system (27-31). Throughout the rehabilitation period, and, often also in 
the home situation, passive exercises are part of the treatment program and are believed to 
improve the circulation in the paralysed legs in individuals with a spinal cord lesion. Passive 
leg movements carried out by a physical therapist and passive cycling are two forms of 
passive exercise, frequently used in rehabilitation of persons with SCI. Whether or not these 
interventions positively affect the arterial peripheral circulation is unknown. Therefore, the 
purpose of this study was to assess peripheral circulatory responses during and after passive 
leg movements and passive cycling in individuals with SCI and able-bodied controls, using 
protocols in accordance with the clinical setting in rehabilitation centres. We hypothesize that 
these passive interventions enhance leg blood flow in both groups as a result of passive 
muscle pump mechanisms or reflex activation. 
 
Methods 
 
Subjects 
Eight men with SCI and eight able-bodied male controls (C) were included in the study. A  
control-group was included in the study to be able to generalize the results as well as to get  
insight into responsible mechanisms. The persons with SCI had all motor complete lesions 
(ASIA A or B (32)) with injury levels between T2 - L1 and time since injury varied from 1 to 
17.5 years (mean: 8.3; SD: 6.1). All subjects were between 20 and 49 years of age and had  
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no history of diabetes, cardiac diseases, recent deep vein thrombosis (DVT), or recent 
pressure ulcers.  
 
Table 1. Subject characteristics. The symbols of the subjects in the SCI group correspond with the individual 
symbols in figure 1B and 2B. † American Spinal Injury Association [32] (ASIA) score is used to classify the 
completeness of the lesion: A: sensory and motor complete; B: sensory incomplete but motor complete ‡ - = no 
spasms; + = rarely; ++ = regular (daily); +++ = severe, TSI = Time Since Injury in years. * Significantly 
different from controls, P<0.05. 
 
Subject Age 
(yrs) 
Height 
(cm) 
Weight 
(kg) 
Exercise 
(Hrs/wk) 
Lesion 
level 
ASIA 
class† 
TSI  
(yrs) 
 
Spasms‡ 
SCI          
1 33 180 70 10 T6 A 10 + 
2 30 178 80 1.5 T11 B 2.5 - 
3  21 178 73 10 T6 A 1 - 
4 38 186 58 4.5 T12/L1 B 16.5 - 
5 49 187 94 5 T6 A 17.5 + 
6 34 179 69 1.5 T4-5 A 5.5 ++ 
7  43 178 70 2.5 T8 A 7.5 +++ 
8  34 173 65 10.5 T2-4 A 5.5 +++ 
Mean 35* 179 72* 5.7   8.3  
SD 8.4 4.6 10.8 3.9   6.1  
Controls         
1 26 183 83 4     
2 24 198 95 7     
3 22 183 74 3.5     
4 23 196 84 4     
5 21 197 85 8     
6 29 185 85 6     
7 30 180 72 0.5     
8 34 180 79 4.5     
Mean 26 187 82 4.7     
SD 4.5 7.9 7.2 2.3     
 
Two individuals with SCI had a history of DVT 9 years ago, however, the DVT was in the 
left leg and all measurements were performed in the right leg. Five persons with SCI did have 
pressure ulcers in the past, i.e. 2, 2, 5, 9 and 9 years ago. Individuals with SCI exercised 5.7 ± 
3.9 hours per week, mainly endurance type exercise, while C exercised 4.7 ± 2.3 hours per 
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week. Descriptive characteristics of the study subjects are summarised in Table 1. Four 
people with SCI used medication; two individuals used tolterodine to control bladder spasms 
and two other individuals with SCI used methenamine and nitrofurantoïne to control urinary 
tract infections. In order to cope with muscle spasms, one person used baclofen. One subject 
of the SCI-group smoked 5 cigarettes per week. In the control group, one subject used 
medication for allergy and none of the subjects smoked. The Medical Ethical Committee of 
the University Hospital of Nijmegen, the Netherlands, approved the study and before the 
experiment, written informed consent was obtained from all subjects.  
 
Protocol 
Subjects were asked to refrain from caffeine, alcohol and nicotine twelve hours prior to 
testing and not to perform exhaustive exercise twenty-four hours before testing. The tests 
were performed between 8.30 am and 1.00 pm. Measurements took place in one room and the 
temperature was kept constant between 23.5-25°C. The same investigator performed the test 
procedures, and passive leg movements were applied by one physical therapist in exactly the 
same sequence and manner for all subjects. Successively, each subject underwent two 
interventions, which consisted of passive leg movements and passive cycling. The able-
bodied persons were instructed to relax the muscles of the lower extremities during both 
experiments. To ensure this, myofeedback (Enraf, Nonius, Myomed 432, Delft, the 
Netherlands) was used during passive cycling in controls. The myofeedback device gave 
audio-visual feedback from the activity level of the rectus femoris and the vastus lateralis of 
the quadriceps femoris muscle. During passive leg movements the physical therapist detected 
muscle contractions manually and gave verbal feedback to the able-bodied participants. The 
whole procedure was practised before testing started.  
Passive leg movements protocol 
Subjects were studied in supine position. The protocol consisted of three parts: 20 min rest, 10 
min passive leg movements and 10 min recovery. During the intervention, the right leg was 
passively moved according to the protocol, shown in Table 2. Passive movement therapy was 
performed in a standardized sequence with similar durations of the different movements, with 
the same intensity of stretch by the one experienced physical therapist. For all movement 
patterns, the full range of motion was applied. Two subjects in the SCI group had a limited 
range of motion, i.e. one person had a maximum flexion angle in the knee joint of 115° 
(normal: ±160°) and one person had 40° range of motion in the ankle joint (normal: ±70°).  
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Blood flow (by echo Doppler) was measured after 20 minutes of rest, every 2.5 min during 
passive movements and at 0, 1, 2, 5 and 10 min during recovery. During the measurements 
(2.5, 5 and 7.5 minutes), plantar-dorsal flexion of the ankle was performed. The systolic and 
diastolic diameters of the common femoral artery were measured at rest (i.e., immediately 
before initiating passive leg movements) and at 1 and 10 minutes in the recovery period (i.e., 
after passive leg movement). During the whole protocol blood pressure and heart rate were 
recorded continuously (portapres).  
 
Table 2. Passive movements protocol with the actual time of starting and ending each movement intervention.  
 
Movement Time (minutes) 
Flexion/extension hip 0-1.5 
Stretching hamstrings 1.5-2.5 
Plantar/dorsal flexion ankle 2.5-3 
Flexion/extension knee 3-5 
Plantar/dorsal flexion ankle 5-5.5 
Abduction/adduction hip 5.5-7.5 
Plantar/dorsal flexion ankle 7.5-8 
Flexion/extension hip 8-10 
 
Passive cycling protocol 
After the passive leg movements, the subjects moved actively from the supine- to the sitting 
position, and transferred over a distance of 1.5 metres to the bicycle. During passive cycling, 
the subjects were seated in a wheelchair or a normal chair in front of the cycle ergometer 
(Reck Motomed Viva I, Eureva, Den Haag, the Netherlands). After 20 min rest, the subjects 
cycled passively for 20 min, followed by 10 min recovery. Passive cycling was performed at 
an electrically driven bicycle ergometer at a speed of 35 repetitions per minute (rpm). The feet 
of the subjects were attached to the pedals with Velcro and the legs were secured just below 
the knee. Subjects were allowed to rest against a back support. For measurements during 
passive cycling, the ergometer was stopped briefly (approximately 10 seconds) in the 
maximally extended leg position. The location where the femoral measurements were 
performed was marked to ensure rapid measurements. Blood flow of the right leg was 
measured at the end of the 20 min rest and during cycling after 1 min and subsequently every 
2.5-min. During recovery from cycling, measurements were performed at 0, 1, 2, 5 and 10 
min. The diastolic and systolic diameters of the common femoral artery were measured at rest 
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(i.e., immediately before initiating passive cycling) and at 1 and 10 minutes during recovery 
(i.e., after passive cycling). Blood pressure and heart rate were recorded continuously 
(portapres). 
 
Measurements and data analysis 
Red blood cell velocities and systolic and diastolic diameter of the right common femoral 
artery were measured with ultrasound Doppler (Megas Esaote, Pie Medical Benelux, 
Maastricht, the Netherlands) using a 5-7.5 MHz linear transducer. Measurements in the 
common femoral artery were performed below the inguinal ligament; about 2 cm proximal of 
the bifurcation into the superficial and profundus branch and the angle of inclination was 
consistently below 60 degrees. During every measurement of red blood cell velocity, two 
images were stored with a total of 6-8 velocity profiles. For diameter measurements, two 
images were frozen at the peak-systolic phase and two images at end-diastolic phase. 
Afterwards, a single investigator analysed off-line recordings of velocity profiles and arterial 
images. The obtained velocity profiles were traced manually and an average of these velocity 
profiles was calculated for mean red blood cell velocity. For diameter, three measurements of 
each arterial diameter image were determined manually and average values were calculated. 
Lumen diameter was defined as the distance between the far wall boundary, i.e. lumen-intima 
interface, and the near wall boundary corresponding to the media-adventitia interface. The 
reproducibility of the echo Doppler measurements in our laboratory has been reported 
previously (6) and the coefficients of variation for vessel diameter and blood flow 
measurements of the common femoral artery were 1.5% and 8%, respectively.   
The mean diameter was calculated by using the formula: mean diameter = ⅓ systolic diameter 
+ ⅔ diastolic diameter and was utilised to calculate the cross-sectional area (A = 0.25 · π · 
mean diameter2). Mean leg blood flow (LBF) (ml/min) was calculated as mean red blood cell 
velocity (m/s) · A (m²) · 6·107. Leg vascular resistance  (LVR) (mmHg/ml/min) was 
calculated as mean arterial pressure / leg blood flow. For these calculations, we assumed that 
central venous pressure was low and remained constant throughout the protocol. 
Heart rate (HR) and blood pressure (BP) were measured by a Portapres device (TNO-TPD 
Biomedical Instrumentation Amsterdam, the Netherlands). A finger cuff was attached to the 
third finger of the right hand. Data were collected beat-to-beat at a rate of 100 Hz. Mean 
arterial pressure (MAP) is computed as the true integrated mean of systolic and diastolic 
pressure. Previous studies have shown that Portapres accurately reflects arterial blood 
pressure.(33,34) Modelflow, a pulse-counter method, was used to calculate stroke volume 
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(35), and subsequently, cardiac output (CO= SV x HR in l/min) and total peripheral resistance 
(TPR = MAP/CO in mmHg.s/ml).  
 
Statistics  
Previous studies in SCI have shown that with functional electrical stimulation, blood flow 
values increased over 350% (36). In healthy individuals, leg exercise may increase blood flow 
over 10-fold (37). In nowadays literature, inconsistent results have been reported regarding 
the effects of passive movements on blood flow with only one study showing an increase (22) 
whereas other studies reported no effect (38). We hypothesized that, if there would be an 
effect, this would be relatively small since passive exercise involves no active muscle 
contractions. A 20-40% increase would be clinically relevant since values in SCI would 
approach values of resting flows in able-bodied controls. Therefore, based on power analyses 
we included a total of 8 persons with SCI and 8 able-bodied controls in the study (an 
increased leg blood flow of 20-40%, with a SD of 60 ml during exercise can be considered as 
clinically relevant. With α= 0,05, power is 0.80, the numbers of subjects needed is 8). A 
student t-test for independent groups was used to test for differences between groups in 
demographic and baseline circulatory characteristics. For the variables LBF, LVR, TPR, 
MAP and CO, a 2 factor repeated measurement analyses were applied with time (rest, 
intervention and recovery values) as within subject factor and group (SCI versus C) as 
between subject factor. The level of statistical significance for all tests was set at p < 0.05. 
Data are presented as mean ± SD unless otherwise stated.   
 
Results 
 
Resting properties 
At supine rest, the arterial diameter and blood flow of the common femoral artery were 
significantly reduced in individuals with SCI compared with controls. The leg vascular 
resistance in persons with SCI was significantly higher than in controls. No differences were 
seen in any other variable at rest between the two groups. Individual values are presented in 
Table 3. 
Passive leg movements 
Repeated measurements were applied on the data and no significant main effect was found for 
blood flow (p = 0.68), LVR (p = 0.71), TPR (p = 0.59), MAP (p = 0.46) and CO (p = 0.65), 
indicating that the variables do not change over the time period. In addition, no significant 
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group* time interaction effect was found for any of the parameters; blood flow (p = 0.35), 
LVR (p = 0.22), TPR (p = 0.68) and MAP (p = 0.57). Figure 1 graphically illustrates the mean 
blood flow during and after passive movements in controls (Figure 1A) and persons with SCI 
(Figure 1B).  
 
Table 3. Individual baseline values of spinal cord-injured individuals (SCI) and controls. Values were measured 
in supine position. LBF: Leg Blood Flow; Vmean: mean red blood cell velocity in common femoral artery; LVR: 
leg vascular resistance; MAP: mean arterial pressure; TPR: total peripheral resistance; CO: cardiac output.  
Significantly different from controls, * P<0.05; ** P<0.01 
 
Subject LBF 
(ml/min) 
V Mean 
(cm/sec) 
Diameter 
(cm) 
LVR 
(mmHg/ml/min) 
MAP 
(mmHg) 
TPR 
(mmHg.s/ml) 
CO 
(l/min) 
SCI         
1 157 9.3 0.6 0.56 89 0.93 5.4 
2 317 17.9 0.66 0.3 94 0.69 6.9 
3  353 13.4 0.74 0.25 89 1.17 5.4 
4 152 10.3 0.61 0.6 91 0.96 5.3 
5 105 2.8 0.89 0.92 96 0.52 11.4 
6 203 7.8 0.69 0.47 96 0.97 6.1 
7  96 5.7 0.75 0.96 91 0.72 6.8 
8  146 7.1 0.56 0.66 96 0.86 6.0 
Mean 191 * 9.3 0.69 ** 0.59 ** 93 0.85 6.6 
SD 95 4.7 0.11 0.26 3 0.2 2.0 
Controls        
1 409 8.7 0.98 0.23 95.3 0.69 8.2 
2 288 6 1.05 0.28 81.9 0.53 9.3 
3 287 6 0.97 0.37 105.5 0.68 9.3 
4 261 6 0.95 0.41 106.4 0.73 8.9 
5 334 7.4 1 0.25 84.9 0.92 5.5 
6 247 4 1.02 0.41 100.6 1.22 5 
7 175 4.15 1 0.48 83.9 0.66 7.7 
8 420 10 1.14 0.20 93 0.81 6.1 
Mean 303 6.5 1.02 0.33 93 0.78 7.5 
SD 82 2.1 0.07 0.10 10 0.21 1.7 
 
Passive leg cycling  
Repeated measurement analyses revealed no changes over time for blood flow (p = 0.14) 
LVR (p = 0.34), TPR (p = 0.59), MAP (p = 0.37) and CO (p = 0.84). Also, no significant 
group* time interaction effect was found for any of the parameters (blood flow:  p = 0.68), 
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LVR (p =0.35), TPR (p = 0.35), MAP (p = 0.57) and CO (p = 0.83).  Figure 2 graphically 
presents the mean blood flow during and after passive leg cycling exercise in controls (figure 
2A) and individuals with SCI (figure 2B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Individual results of mean leg blood flow (ml/min) before (0), during (0-10min) and after (10-20 min) 
passive movements in controls (A) and persons with SCI (B). Large black squares represent mean group values 
(±SEM). Regression lines are plotted for mean blood flow during treatment (solid line) and during recovery 
(dashed line).  
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Figure 2. Individual results of mean leg blood flow (ml/min) before (0), during (0-20 min) and after (20-30 min) 
passive cycling in controls (A) and persons with SCI (B). Large black squares represent mean group values 
(±SEM). Regression lines are plotted for blood flow during treatment (solid line) and during recovery (dashed 
line).  
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Discussion 
 
Using echo Doppler ultrasound, it was found that blood flow in the common femoral artery 
did not change during nor after two different passive exercise interventions in individuals 
with SCI and able-bodied controls. This study demonstrates that passive exercise does not 
affect the peripheral circulation and therefore will not improve tissue perfusion, the latter 
being one of the risk factors for pressure ulcers (39) and poor wound healing (15) in 
individuals with SCI. It is, however, important to realize that passive movements may still be 
useful with the intention to prevent contractures or spasticity.  
In order to compare able-bodied controls with persons with SCI, it was necessary for controls 
to relax their muscles during the interventions. During passive cycling, myofeedback was 
used to achieve this. By means of audio-visual feedback it appeared to be possible to correct 
the subjects immediately. During passive leg movements the physical therapist was able to 
sense muscle contractions manually and to correct this by means of verbal feedback. 
Normally, when muscle activity is present, cortical brain activity causes autonomic nerve 
activity and a subsequent rise in heart rate (40). In the present study, heart rate did not 
increase; so all subjects were assumed to be passive.   
Resting properties 
The significantly lower blood flow in the supine position and the smaller arterial diameter of 
the femoral artery in persons with SCI compared with able-bodied subjects is in accordance 
with results of previous studies (6,7,41). Although Sandberg et al (42) has shown that femoral 
diameter size is related to age and body size, it is clear that the extensive diameter reduction 
(30-40%) in persons with SCI must be considered as a result of inactivity and paralysis and 
cannot be explained by the slight difference between groups in body weight and age. Also, the 
magnitude of the femoral diameter in both groups was consistent with results reported by a 
previous study that matched SCI and C for weight, height and age (43).  
Passive leg movements and passive cycling 
During and after passive leg movements and passive cycling, no changes in blood flow in the 
femoral artery were observed, neither in persons with SCI nor in able-bodied controls. This is 
consistent with the study from Svensson et al.(38), which studied SCI-individuals in spinal 
shock-phase. They applied 30 flexion/extension movements of the leg joints and did not find 
an increase in calf blood flow, measured with venous occlusion plethysmography. The present 
study shows two additional findings. First of all, also in individuals with chronic SCI, passive 
movements do not seem to be sufficient to improve leg blood flow. Secondly, the present 
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study demonstrates that even a protocol as used in rehabilitation centres fails to enhance blood 
flow. In contrast, Seifert et al (22) showed a significant increase in blood flow after passive 
movements of the paralysed tibialis anterior muscle in SCI-individuals, using a method based 
on the detection of radio-active isotopes by a scintillation counter system. This increase 
continued for 8 minutes after application. Unfortunately, the authors did not clearly describe 
the type of passive movement that was used. Also, prior to passive exercise, active exercise of 
the upper arm was performed. Since they did not report about a resting period between each 
intervention, cross-over effects may explain the increase in leg blood flow. In the present 
study none of the interventions caused an increase in blood flow and, therefore, a cross-over 
effect can not be present. Only one study investigated blood flow with Doppler ultrasound 
(23). The authors showed a significant increase in blood flow at the onset of passive leg 
extension in able-bodied people. However, blood flow was measured immediately in the 
relaxation phase after each movement, so the observed increase in blood flow could be a 
short-term mechanical effect that passes away quickly.  
Muraki et al.  (21,44) studied passive cycling in SCI-individuals and reported an increase in 
stroke volume and cardiac output. These results may suggest that it is possible to enhance leg 
blood flow using passive cycling, by enhancing MAP as a result of an increase in cardiac 
output. However, in the present study we found no changes in leg blood flow during passive 
exercise. Apparently, a rise in cardiac output during passive cycling may not simply imply 
that leg blood flow will increase. A possible explanation for the findings of Muraki et al. 
might be related to the body position during their experiments. In the concerning study, a 
normal bicycle ergometer is used, whereas in our study subjects were seated in a wheelchair 
in front of a cycle ergometer. This is a major difference, because in a sitting position on a 
normal bicycle ergometer there is lack of back support, which requires more muscle 
activation of the trunk and upper extremity. It is well known that the splanchnic area contains 
a major part of the total blood volume and activation of, for instance, abdominal muscles may 
cause an increase in venous return. Via the Frank-Starling mechanism this may provoke an 
increase in stroke volume. Moreover, the static muscle activation results in increased oxygen 
demand and a subsequent increase in cardiac output. Unfortunately, no information was 
reported about activity of muscles from the upper part of the body. Muraki et al. did measure 
skin blood flow by laser Doppler in the lower limbs during passive cycling and reported no 
increase in skin blood flow. This finding is in agreement with the lack of changes in the 
peripheral circulation during passive exercise in our study. Since we could not detect an effect 
of passive exercise on the peripheral blood flow, tissue perfusion will not be enhanced during 
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or after passive exercise. Tissue perfusion and related capillary blood flow are low in 
individuals with SCI with an impaired circulation in the lower part of the body (5) and 
represent one of risk factors for pressure ulcers and poor wound healing (15,39).  
During active exercise, neural control of the cardiovascular system is believed to encompass 
two major mechanisms. (30,40) The first mechanism is called ‘central command’. Signals 
arising in a central area of the brain activate motor cortex and in a parallel fashion activate the 
cardiovascular control areas in the medulla. This causes autonomic nervous system reactions, 
such as vagal withdrawal at the onset of exercise with a subsequent rise in heart rate. This 
mechanism serves as a feed-forward system that is related to the volitional component of 
exercise and, therefore, will not be activated by passive exercise.  
The second mechanism is based on afferent information from chemoreceptors and 
mechanoreceptors in the skeletal muscle, activating cardiovascular control areas in the 
medulla. Chemoreceptors are activated whenever blood flow to the muscle is restricted so that 
delivery of oxygen and washout of metabolites are reduced. Since during passive exercise 
there is no increase in oxygen consumption and no production of metabolites, afferent signals 
of chemoreceptors will not play a role in the control of the cardiovascular system. The 
mechanoreflex is a feedback control mechanism, evoked by mechanical stimuli caused by 
passively moved muscles and joints (28,30,45). In individuals with SCI, peripheral afferent 
reflexes are absent, because there is a disruption of the afferent pathway. So, chemoreflexes as 
well as mechanoreflexes do not play a role in cardiovascular responses during passive 
exercise in SCI-individuals. In controls, however, it could have been possible that 
mechanoreflexes would influence the cardiovascular system during passive exercise. 
Another theory, that has been postulated to explain possible cardiovascular changes caused by 
passive movements, is the passive muscle pump, in analogy to the active muscle pump 
(28,46). According to this theory, rhythmic lengthening and shortening of muscles can induce 
cardiovascular responses due to an increased venous return. In accordance with the Frank-
Starling mechanism, an increase in venous return results in a subsequent increase in stroke 
volume. A mechanism that is comparable to the passive muscle pump, is the so-called ankle 
pump, in which displacement of tendons may bring about a sucking action of deep and 
superficial veins underlying these tendons (27,31). 
Since the central command and chemoreflexes are absent, only the passive muscle pump and 
the ankle pump could have induced cardiovascular changes during passive exercise in SCI-
individuals. Finally, one may speculate that in individuals with SCI autonomic dysreflexia 
may have occurred induced by the passive exercise intervention. However, arguments against 
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this seems to be that there was no effect on leg blood flow or MAP of any of the interventions 
and moreover, we did no observe any differences in responses between individuals with high 
and low thoracic lesions. In our study no changes were found in the peripheral circulation 
during passive exercise, so we conclude that neither the passive muscle pump /ankle pump, 
the mechanoreflexes nor the autonomic nervous system are sufficient to enhance local blood 
flow during passive exercise. Although the present study does not support the use of passive 
movements or - exercise for prevention of cardiovascular related secondary complications, 
physical therapists should not be dissuaded from using this modality to address 
musculoskeletal concerns. 
In conclusion, the results of the present study demonstrate that passive leg movements and 
passive cycling do not alter the arterial peripheral circulation in persons with SCI and 
controls. This is indicated by an unchanged arterial leg blood flow, leg vascular resistance and 
mean arterial pressure during and after passive exercise interventions as typically used in the 
rehabilitation setting.  
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General Discussion 
Abstract  
 
 
Physical inactivity is an important and independent risk factor for atherosclerosis and 
cardiovascular diseases. In this general discussion, the current knowledge on the time course 
and magnitude of arterial vascular changes to inactivity is described from available data from 
human models of deconditioning including microgravity, limb immobilization and, the most 
extreme on the spectrum of inactivity, a spinal cord injury (SCI). In accordance with data 
derived from animal research, a rapid onset of vascular adaptations after inactivity is evident 
in humans. A substantial reduction in femoral diameter size was observed after 1 week of leg 
casting (6%), 4 weeks of limb suspension (12%), 8 weeks of bed rest (17%), and, in the most 
extreme on the spectrum of inactivity, a 25% reduction in diameter size was completed within 
3 weeks after a spinal cord injury. The decrease in diameter after deconditioning most likely 
represents an inward remodelling as an adaptation to a total lack of variation in peak shear 
stress and not to basal shear stress levels. During 6 weeks of extreme inactivity, a 
simultaneous decrease over time was observed for femoral artery size and limb volume, 
which suggests a strong functional link between adaptations in vascular dimension and 
muscular atrophy. In addition, decreased hyperaemic leg blood flow, an almost doubling of 
resting shear rate levels in the femoral artery and an increased Flow Mediated Dilation 
response (FMD; a measure for conduit artery endothelium dependent nitric oxide (NO) 
function) in the superficial femoral artery were all evident within 3 to 8 weeks in different 
humans models of inactivity. Possible explanations for an increased FMD response in 
deconditioned arteries may be related to increased NO release to a shear stress stimulus or 
increased NO responsiveness. The enhanced FMD responses in deconditioned arteries imply 
that the functional vascular adaptations to inactivity are not simply the inverse of adaptations 
to exercise.  
 
Introduction 
 
Physical inactivity is an important and independent risk factor for atherosclerosis and 
cardiovascular diseases (1). Endothelial dysfunction plays an important role in the 
pathogeneses of cardiovascular diseases and impaired endothelium dependent dilation is 
directly linked with cardiovascular morbidity and mortality (2). Although the effects of 
exercise training on vascular dimension and endothelial function are well described, the 
knowledge on vascular adaptations that occur as a result of inactivity in humans is less clear. 
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Most evidence on vascular changes, especially on the time course of vascular changes is 
derived from animal studies. Animal studies demonstrate a rapid onset of vascular changes to 
persistent changes in blood flow with functional adaptations occurring within days whereas 
structural remodelling of the vessel wall is completed within 2-3 weeks (3,4). In this review, 
the current knowledge on the time course and magnitude of arterial vascular changes to 
inactivity will be described from available data from human models of deconditioning 
including microgravity, limb immobilization and, the most extreme on the spectrum of 
inactivity, a spinal cord injury (SCI). We will focus on recently published studies in this field, 
i.e. the effects on vascular dimension and function after 4 weeks of unilateral limb suspension 
(5), 52 days of strict horizontal bed rest; the Berlin Bed Rest Study (6) and the vascular 
changes that occur within the first year after a spinal cord injury (7,8). Results will be 
presented for baseline and hyperaemic vascular characteristics (blood flow and shear rate), 
baseline and maximal vessel dimension of the femoral artery and conduit artery endothelial 
function.  
 
Baseline and hyperaemic vascular characteristics 
 
Baseline blood flow 
Microgravity 
The majority of bed rest studies used venous occlusion plethysmography to measure changes 
in calf blood flow. A 26-48% decrease in calf blood flow was reported after 10-41 days of six 
degrees head down tilt (HDT) bed rest and after 4-12 days of space flight (9). Long-term 
HDT bed rest of 120 days resulted in a comparable 44% decrease in calf blood flow (10) 
whereas Louisy showed a 26% decrease in calf blood flow after only one day of HDT bed rest 
(11). It has been shown that plasma volume is reduced by 10-20% within 24-48 hours of 
exposure to actual or simulated microgravity (12). Hence, the observed decrease in blood 
flow after HDT bed rest and spaceflight may be seriously confounded by the effects of 
microgravity and a concomitant decrease in plasma volume. Bonde-Pedersen showed no 
changes in calf blood flow after 20 days of horizontal bed rest (13). However, in these latter 
subjects, baseline blood flow in the femoral artery measured with Doppler ultrasound 
decreased by 50% (14). In a recent study, we assessed the effects of 52 days of strict 
horizontal bed rest deconditioning and observed no changes over time for basal blood flow in 
common and superficial femoral arteries, as measured by Doppler ultrasound (6).     
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Limb immobilization 
After 2-12 weeks of casting for leg trauma, no differences in basal blood flow were found 
between casted leg and control leg (15). It is important to note that in all studies that casted 
limbs after fracture or a trauma vascular changes to inactivity may be seriously confounded 
by possible increases in blood flow due to healing processes of the trauma. Sugawara et al. 
reported a 25% decrease in femoral blood flow after 7 days of limb casting in healthy subjects 
(16). In contrast, 4 weeks of unilateral limb suspension in healthy subjects did not change 
basal blood flow in femoral arteries whereas calf blood flow measured with plethysmography 
decreased by 26% (5).   
Spinal Cord Injury  
For resting blood flow as measured with echo Doppler ultrasound, inconsistent results have 
been reported with some studies showing a 30-70% decrease in blood flow in femoral artery 
in SCI (7,17,18) while other investigations observed no differences in resting blood flow 
between SCI and controls (19,20). At the arteriolar level, resting blood flow assessed with 
plethysmography was 35-65% lower in SCI as compared with controls (21,22). We recently 
assessed the vascular adaptations within the first six weeks after a SCI and observed no 
changes over time for resting blood flow in the femoral artery (8). In line with this finding, it 
is interesting to mention that cross-sectional and longitudinal exercise studies indicate that, in 
general, resting blood flow is not affected by exercise training (23,24).  
Hence, current literature shows inconsistent results on the effect of inactivity on basal leg 
blood flow with some studies showing a decrease whereas others report no change in resting 
blood flow. Resting skeletal muscle extracts only one third of the delivered oxygen by the 
blood (25). Baseline blood flow to the skeletal muscles is, therefore, in some ways abundant. 
In conclusion, there is no definitive evidence that deconditioning in humans causes a change 
in resting blood flow in the femoral artery.  
Baseline shear rate  
Wall shear stress represents the frictional force of blood on the endothelium layer and is 
directly proportional to blood viscosity and red blood cell velocity, and inversely related to 
vessel diameter. Shear stress supposedly plays an important role in arterial regulation and 
adaptation processes. Usually, shear stress levels are kept at a constant level by adapting the 
internal diameter to chronic changes in blood flow. This remodelling process has been shown 
to depend on an intact endothelium (3,26). Baseline shear rate levels were found to be almost 
doubled in the femoral artery of chronic SCI individuals compared with able-bodied subjects 
(27-29). No changes were observed in shear rate levels after 1 week of leg casting (16) 
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whereas baseline shear rate levels were significantly enhanced after 4 weeks of unilateral limb 
suspension, returning to baseline again after 4 weeks of recovery (5). In addition, evidence 
from a recent study demonstrates that the twofold increase in femoral shear rate levels in the 
inactive legs of SCI individuals is already evident within 3 to 6 weeks after the spinal cord 
injury (8). These several lines of evidence indicate that deconditioned arteries are not able to 
maintain basal shear rate levels.  
 
Hyperaemic blood flow 
Reactive hyperaemic blood flow refers to the phenomenon of a substantial increase in blood 
flow in response to relief of ischemia or an exercise stimulus. Hyperaemic blood flow is a 
marker for the vasodilator capacity of the resistance vascular bed and is typically used to 
evaluate structural changes in the circulation (30). Reactive hypereamia in the calf was 
reduced after 7 to 16 days of bed rest (31,32) with no changes in hyperamic flow after 4-12 
days of spaceflight (9). In the Berlin Bed Rest Study, reactive hyperamic blood flow in the 
superficial femoral artery decreased by 28% after 52 days of bed rest in the group without an 
exercise countermeasure (6). After 2-12 weeks of casting for leg trauma, maximal hyperaemic 
blood flow was significantly reduced in the casted leg compared with the control leg, while 
after six weeks of recovery, hyperaemic response did not differ between the legs (15). Four 
weeks of immobilisation with lower limb suspension did not significantly alter reactive 
hyperaemic flow (5). In chronic SCI individuals, reactive hyperaemia was 40-60% lower in 
the legs of SCI compared with controls (22,28,33). Although not significant, a trend towards 
decrease in hyperaemic flow was present during the first six weeks after a spinal cord injury 
(8). It is possible that mechanisms and time course of vascular adaptations to deconditioning 
may differ between different vascular beds (i.e. conduit and resistance vessels), as has been 
indicated in exercise training studies in animals (34) and humans (35). 
In summary, reactive hyperaemic blood flow after a period of inactivity is reduced in most 
deconditioning models of sufficient duration. Previous studies indicate that 2 to 8 weeks of 
deconditioning causes structural changes in resistance arteries of skeletal muscles.    
 
Baseline and maximal conduit artery dimension  
 
Baseline diameter 
Arterial remodelling represents the process of chronic and structural changes in the arterial 
system. Remodelling occurs in response to changes in hemodynamic stimuli (flow or 
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pressure) and takes places during physiological conditions, but also in clinical conditions such 
as atherosclerosis, ageing and hypertension (36). In normal conduit arteries, increases in 
blood flow are associated with outward remodelling (increase in vessel size and cross-
sectional area) whereas decreases in blood flow are associated with inward remodelling; i.e. a 
reduction of the vessel size. The magnitude of the baseline diameter of the common femoral 
artery varies substantially across the total spectrum of physical activity, as illustrated in 
Figure 1. Diameter of the common femoral artery is approximately 20% larger in endurance-
trained athletes compared with able-bodied controls (18,23,27) and has been shown to 
increase by 9% (23) and 16% (37) after 3 months of aerobic exercise training. On the other 
hand, diameter size decreases after deconditioning which is indicated by a 6% reduction after 
1 week of leg casting (16), a 13% decrease after 4 weeks of unilateral limb suspension 
(ULLS) (5), 13% and 17% reduction after 25 and 52 days of bed rest, respectively (6), a 25% 
decrease after 3 weeks of  SCI (8) and an approximately 30% reduction in vessel size 
diameter in individuals with chronic SCI (27-29). Hence, the decrease in femoral artery vessel 
size in the inactive and paralyzed legs of SCI individuals represents the largest reduction in 
diameter in response to the most extreme form of deconditioning.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Magnitude of diameter adaptation across the total spectrum of physical activity, i.e. chronic endurance 
trained athletes, different models and duration of deconditioning, i.e. leg casting, unilateral limb suspension 
(ULLS), bed rest  (BR) to the most extreme on the spectrum of deconditioning, a spinal cord injury (SCI).   
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In a previous cross-sectional study in chronic SCI individuals, Olive et al. (20)  reported that 
the significant reduction in femoral vessel diameter was no longer different when diameter 
size was expressed per unit muscle mass. In a recent longitudinal study (8) we specifically 
assessed the time course of early changes in vascular dimension and function during the first 
six weeks after a spinal cord injury. It was shown that femoral artery size decreases 
substantially over time already at 3 weeks post-injury, the reduction in diameter size 
approaches the vessel dimension of chronic SCI individuals that have been extremely inactive 
for years. Furthermore, a simultaneous decrease in limb volume over time was evident. When 
we corrected femoral artery diameter for limb volume, no differences over the six-week time 
period were observed and values in SCI are comparable with control values. These findings 
suggest a strong functional link between adaptations in vascular dimension and muscle 
atrophy during deconditioning.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Maximal absolute diameter after nitroglycerin (NTG) administration before and after 4 weeks of 
unilateral limb suspension (ULLS), 52 days of bed rest  (BR) and in persons with chronic spinal cord injury 
(SCI) compared with able-bodied controls.  
 
Maximal diameter  
Baseline conduit artery diameter compromises both vascular structure and vascular tone. 
Recently, the importance of measuring maximal diameter of conduit arteries to assess 
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structural changes has been recognized (5,38). It has been suggested that the maximal 
vasodilation response to nitroglycerin (NTG) gives a suitable indication of the near maximal 
attainable diameter (38). In Figure 2, diameter adaptations to deconditioning are expressed as 
maximal diameter after NTG administration and the results demonstrate that maximal 
diameter decreased by 9% after 4 weeks of ULLS (5), 16% after 25 and 52 days of bed rest 
(6) (in a group with solely bed rest) and by 35% in chronic SCI individuals (28). These 
findings are more or less similar than the observed changes in baseline diameter, and strongly 
indicate that most of the changes in diameter dimension after deconditioning are due to 
structural changes. 
The human arterial system strives to maintain a constant shear stress by adapting the diameter 
to chronic changes in blood flow (3,39,40). Recent training studies in humans have suggested 
that conduit arteries adapt their baseline diameter to peak shear stress and peak oxygen 
consumption rather than to resting blood flow (23,37). Parallel to this reasoning, the decrease 
in diameter after deconditioning may represent an inward remodelling as an adaptation to a 
total lack of periods of high shear stress. Our findings in SCI individuals support the 
assumption that baseline diameter adapts to peak flow (Figure 3B) instead of resting blood 
flow (Figure 3A). During reactive hyperaemia, shear stress levels are kept constant across a 
wide spectrum of hyperaemic flows from very low in chronic SCI to high in able-bodied 
controls. On the other hand it is shown that deconditioned arteries are not able to maintain 
basal shear rate levels (Figure 3A). These chronically enhanced resting shear rate levels may 
have important implications for conduit artery endothelium derived NO function as will 
discussed in the following part.  
In summary, data from several human models of inactivity demonstrate a rapid onset of 
changes in conduit artery dimension after deconditioning. Substantial reductions in femoral 
diameter size were observed after 1 week of leg casting (6%), 4 weeks of limb suspension 
(12%), 8 weeks of bed rest (16%), and, in the most extreme on the spectrum of 
deconditioning, a 25% reduction in diameter size was completed within 3 weeks after a spinal 
cord injury. The decrease in diameter after deconditioning most likely represents an inward 
remodelling as an adaptation to a total lack of peak shear stress and not to basal shear stress 
levels. During six weeks of extreme inactivity, a simultaneous decrease over time was 
observed for femoral artery size and limb volume, which suggests a strong functional link 
between adaptations in vascular dimension and muscular atrophy.   
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Figure 3. Shear rate values (y-axis) plotted against the blood flow (x-axis). Resting values (A) and hyperaemic 
responses (B) are presented for chronic spinal cord-injured individuals and able-bodied controls.    
176 
General Discussion 
Endothelial function conduit arteries 
 
Endothelial function in conduit arteries is commonly assessed with Flow Mediated Dilation 
(FMD, Figure 4). In arm arteries it has been shown that the increase in diameter after a brief 
period of ischemia and the subsequent reactive hyperemia is almost exclusively mediated by 
nitric oxide (NO) (41). FMD therefore provides an index of conduit artery endothelium 
dependant NO function.  
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Figure 4. Flow Mediated Dilation (FMD). The physiological stimulus for endothelial nitric oxide (NO) 
production is increased shear stress from increased blood flow. NO is synthesized from L-arginine by the action 
of nitric oxide synthase (NOS). It activates smooth muscle cell guanylate cyclase, which relaxes smooth muscle 
by increasing the intracellular concentration of guanosine 3,5 cyclic monophosphate. FMD involves direct 
imaging of conduit artery diameter change using high resolution B-mode ultrasound and the percentage change 
from baseline diameter is a marker for conduit artery endothelium dependant NO function.  
 
On the other hand, nitroglycerin causes endothelium independent vasodilation and is 
indicative for smooth muscle function and nitric oxide responsiveness.  
Endothelial dysfunction plays an important role in the pathogeneses of cardiovascular 
diseases and impaired endothelium dependant dilation is directly linked with cardiovascular 
morbidity and mortality (2). Localized and systemic exercise training consistently improves 
endothelial derived NO function in the presence of endothelial dysfunction (42). In general, 
endothelium independent vasodilation does not change, indicating that specific changes occur 
at the level of the endothelium. Improved endothelial NO function has been suggested as the 
key to the beneficial effect of exercise on the risk of cardiovascular disease (42). Abnormal 
endothelial NO dilator function has been uniformly observed in subjects with atherosclerosis 
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(43), type 2 diabetes (44), chronic heart failure (45) and cardiovascular risk factors (46), 
including smoking (47), hypertension (48) and hypercholesterolemia (49). Surprisingly, an 
enhanced FMD response was observed after 7, 25 and 52 days of bed rest (6,50), 4 weeks of 
limb suspension (5) and in acute (within 3 to 6 weeks post-injury) as well as in chronic SCI 
(8,28). In addition, endothelium independent dilation was increased after 4 weeks of limb 
suspension (5) and after 52 days of bed rest (6) with no changes in SCI .   
Possible explanations for an increased FMD response in deconditioned vessels may be related 
to the chronically enhanced baseline shear stress levels in leg conduit arteries (Figure 3A).   
Since it well known that shear stress is a potent physiological stimulus for NO release, the 
increased levels of basal shear stress may lead to an upregulation of eNOS. A recent training 
study in patients with coronary artery disease (51) and previous in vivo (52) and cell culture 
studies (53,54) have demonstrated that increases in shear stress level are associated with an 
elevation of eNOS mRNA, protein and NOS activity.  
A second explanation may be the lack of periods of high shear stress in the deconditioned 
vessels, which may contribute to an up-regulation of NO responsiveness. FMD implies 
endothelial NO production in response to a stimulus, or smooth muscle characteristics such as 
NO sensitivity or vasodilator capacity. Data derived from bed rest (6) and limb suspension (5) 
suggest that mainly NO responsiveness is enhanced after deconditioning.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Maximal diameter after reactive hyperaemia (Flow Mediated Dilation, FMD, a measure for 
endothelium dependant NO dilation) and after administration of nitroglycerin (NTG, a measure for NO 
responsiveness and smooth muscle function) before and after 4 weeks of unilateral limb suspension (ULLS), 52 
days of bed rest (BR) and in chronic SCI individuals and able-bodied controls.   
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Possibly, the vasodilation response to nitroglycerin in SCI may be limited by structural 
changes in the vessel wall, thereby masking a possible increase in NO sensitivity, as is 
illustrated in Figure 5. Data show that in SCI, he maximal diameter after reactive hyperaemia 
does not differ with the response to nitroglycerin (NTG), whereas in able-bodied controls and 
the other models of deconditioning (i.e. 4 weeks of limb immobilization and 52 days of bed 
rest), the maximal obtainable diameter after NTG is larger than the maximal diameter after 
FMD. Collectively, an increased FMD response in deconditioned arteries is evident within 3 
to 8 weeks of inactivity. Data from different human models of deconditioning indicate that 
adaptations occur also at the level of the smooth muscle cell, and not only in the endothelium.  
Conclusion 
In accordance with data derived from animal research, a rapid onset of vascular adaptations 
after inactivity is evident in humans. A substantial reduction in femoral diameter size was 
observed after 1 week of leg casting (6%), 4 weeks of limb suspension (12%), 8 weeks of bed 
rest (17%), and, in the most extreme on the spectrum of inactivity, a 25% reduction in 
diameter size was completed within only 3 weeks after a spinal cord injury. The decrease in 
diameter after deconditioning most likely represents an inward remodelling as an adaptation 
to a total lack of variation in peak shear stress and not to basal shear stress levels. During 6 
weeks of extreme inactivity, a simultaneous decrease over time was observed for femoral 
artery size and limb volume, which suggests a strong functional link between adaptations in 
vascular dimension and muscular atrophy. In addition, decreased hyperaemic leg blood flow, 
an almost doubling of resting shear rate levels in the femoral artery and increased FMD 
responses in the superficial femoral artery were all are evident within 3 to 8 weeks in different 
humans models of inactivity. Possible explanations for an increased FMD response in 
deconditioned arteries may be related to increased NO release to a shear stress stimulus or 
increased NO responsiveness. The enhanced FMD responses in deconditioned arteries imply 
that the functional vascular adaptations to inactivity are not simply the inverse of adaptations 
to exercise.  
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  Summary 
A spinal cord injury (SCI) disrupts the structural and functional integrity of the spinal cord 
and results in muscle paralysis, loss of sensation and autonomic dysfunction below the level 
of the injury. Although life expectancy in SCI has increased considerably the past decades, 
persons with SCI are still at increased risk for vascular related complications such as pressure 
ulcers, impaired wound healing and thromboses. In addition, well-known risk factors for 
cardiovascular diseases such as glucose intolerance, type 2 diabetes, disturbed lipid profile 
and alterations in body composition are all observed in higher proportion in the SCI 
population. Previous studies have shown that extensive central and peripheral circulatory 
changes occur in individuals with a chronic SCI. These vascular adaptations include a 
reduction in cardiac mass, reduced venous compliance, and, on the arterial side; a reduction in 
femoral artery size, decreased femoral compliance, reduced blood flow and almost doubled 
shear stress level in the femoral artery. Nowadays, the importance of physical inactivity as an 
independent risk factor for atherosclerosis and cardiovascular diseases is well recognized. 
Endothelial dysfunction plays an important role in the pathogeneses of cardiovascular 
diseases and impaired endothelium dependant dilation is directly linked with cardiovascular 
morbidity and mortality. Current knowledge on structural and function vascular adaptations 
that occur as a result of inactivity in humans is limited and dispersed. Most evidence on 
vascular changes, especially on the time course of vascular changes is derived from animal 
studies. The SCI population represents the lowest on the total spectrum of deconditioning in 
humans and offers a unique opportunity to assess the time course of vascular adaptations to 
inactivity and paralyses as well as to subsequent increased physical activity such as after 
functional electrical stimulation training. This thesis includes studies that relate to the topic 
cardiovascular adaptations in spinal cord-injured individuals. The main objective was to 
assess the magnitude and time course of arterial adaptations in vascular dimension and 
function after extreme inactivity in humans.   
In the first part of chapter 1, general information is provided about the spinal cord 
population. An overview is presented on the known cardiovascular adaptations in this patient 
population and we describe the potential to (partly) reverse the detrimental vascular 
adaptations by means of functional electrical stimulation training of the paralyzed muscles. 
Subsequently, a physiological background is provided on the regulation of arteries. The blood 
flow and diameter of arteries is the result of i) fast, functional changes in vascular tone, and ii) 
arterial remodelling, which represents the process of chronic and structural changes in the 
arterial system. Furthermore, the current knowledge on the magnitude and time course of 
functional and structural vascular adaptations to inactivity is described from available data 
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from different models of deconditioning in animals (vascular ligation and hindlimb 
unloading) and humans (bed rest, spaceflight, limb immobilization and spinal cord injury). In 
addition, information is provided on vascular adaptations following training with emphasis on 
the time course of vascular changes. In summary, evidence from animal studies indicates a 
rapid onset of vascular adaptations, i.e. functional changes within days, followed by structural 
remodelling of the vessel diameter within days to weeks. In humans, the current literature 
derived from different models of deconditioning and exercise training studies suggests that 
vascular adaptations to (in)activity may occur within weeks, but the exact time course is not 
clear.  
 
Classical venous occlusion plethysmography (VOP) of the leg, often used to assess venous 
compliance, measures properties of the whole calf, including volume changes at the arterial 
side and the interstitial fluid accumulation that occurs due to the enhanced capillary pressure 
during venous occlusion. Chapter 2 presents an ultrasound technique to measure the 
compliance of one major conduit vein in the leg. Ultrasound measurements of the popliteal 
vein were compared with classical VOP measurements, which were performed 
simultaneously in one subject. Short and long-term reproducibility of the measurements was 
assessed in a group of able-bodied subject and a comparison of venous compliance was made 
between healthy control subjects and individuals with known pathological changes in the 
venous vascular system (spinal cord-injured individuals). Results of the study demonstrate 
that the ultrasound and VOP measurements of venous compliance correlated significantly. 
Furthermore, we observed that ultrasound provides reproducible measurements with short- 
and long-term coefficients of variation ranging from 10 to 15% for popliteal vein compliance 
and from 2 to 9% for absolute diameters at the different venous pressure steps. In addition, 
using ultrasound an 80% reduction in the compliance of the popliteal vein in SCI individuals 
compared with able-bodied controls was detected. We concluded that ultrasound is a suitable 
and reproducible method to measure conduit vein compliance. This technique provides the 
possibility to specifically assess compliance of one vein instead of the whole calf and appears 
to be a useful complementary method to the traditional venous occlusion plethysmography.  
 
Changes in physical activity lead to marked changes in cardiac structure, ranging from the 
“physiological hypertrophy” of the endurance trained athlete, to the “physiological atrophy” 
of chronically deconditioned patients. Although changes in cardiac dimensions with different 
modes of inactivity seem to be well described, the effect of inactivity on cardiac function has 
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hardly been investigated. In Chapter 3, the effect of chronic deconditioning is assessed on 
cardiac morphology and function in a group of cervical spinal cord-injured individuals, who 
serve as human model of extreme inactivity. Echocardiographic measurements were 
performed to measure resting cardiac dimensions, (global and long-axis) diastolic and systolic 
function. The results demonstrate that tetraplegia is associated with a significant reduction in 
cardiac mass and left ventricular dimensions compared with able-bodied controls. However, 
resting diastolic and systolic function is a not altered with continued exposure to inactivity, 
suggesting a remodelling of the heart as a physiological adaptive process.  
 
Animal experiments have shown that vascular adaptations occur within days/weeks. 
However, the time course of vascular adaptations to inactivity in humans is not clear. Folkow 
hypothesized that structural vascular adaptations in humans may be largely completed within 
a few months, presumably reflecting the five to six fold lower metabolic rate in humans than 
in small animals such as rats and rabbits. In Chapter 4, the time course of vascular 
adaptations from 6 weeks to 13 months after a spinal cord injury is studied. Arterial diameters 
and red blood cell velocity of the common femoral artery, carotid artery and brachial artery 
were measured using echo Doppler ultrasound. In a cross-sectional study design, a group of 
SCI individuals with time since lesion varying from 6 weeks to 13 months post-injury were 
measured on one occasion. In addition, longitudinal measurements were performed at week 6, 
8, 12, 16, 20 and 24 after the trauma in a group of 6 SCI individuals. Results show that within 
6 weeks after a spinal cord injury, diameter (-30%) and blood flow (-30%) are significantly 
reduced and peak (+50%) and mean wall shear rate (+100%) of the femoral artery are 
significantly increased. No further changes in femoral arterial properties were observed 
between week 6 and 13 months post-injury. Carotid and brachial arterial properties were not 
different from controls and did not change over time. Thus, the process of vascular 
adaptations to inactivity and paralyses in humans seems to be largely completed within six 
weeks.  
 
In chapter 5 we studied the time course of adaptations in vascular dimension and function 
during the first six weeks after a spinal cord injury. Six male spinal cord-injured patients were 
included immediately after their injury and vascular dimension, blood flow, endothelial 
function and limb volume were measured at 1, 2, 3, 4 and 6 weeks post-injury. Vascular 
characteristics of the common femoral artery, superficial femoral artery, brachial artery and 
carotid artery were assessed with echo Doppler ultrasound. Endothelial function in superficial 
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femoral artery was measured with Flow Mediated Dilation (FMD). A rapid onset of vascular 
adaptations in the inactive and paralyzed legs after acute spinal cord injury was observed. 
Changes include an approximately 25% reduction in femoral artery size and leg volume, a 
doubling in basal shear rate levels and a significant increase in FMD responses. All these 
adaptations are largely accomplished within 3 weeks post- injury.  
 
Impaired endothelial function has been suggested as a key early event in the development of 
atherosclerosis and a high correlation between endothelial dysfunction and risk factors for 
cardiovascular diseases including hypertension, hypercholesterolemia, cigarette smoking, 
diabetes and ageing has been reported. Besides above-mentioned traditional risk factors, it is 
well-known that physical inactivity is associated with an increased risk of developing 
cardiovascular diseases. However, at present, the relationship between inactivity and 
endothelial function is not clear. In individuals with paraplegia, the part of the body below the 
lesion level is paralyzed and thus extremely inactive. In contrast, the upper limbs are often 
relatively active since the arms are used for ambulation due to their wheelchair bound life 
style. In chapter 6, conduit artery endothelial function, measured by Flow Mediated Dilation 
(FMD), in an inactive extremity (leg, superficial femoral artery) and chronically active 
extremity (arm, brachial artery) within one subject was studied. Eleven male SCI individuals 
and eleven male able-bodied controls were included. Echo Doppler measurements were 
performed to measure FMD responses after 10 and 5 minutes of arterial occlusion of the leg 
and the arm, respectively. A nitroglycerine spray was administered to determine the 
endothelium independent vasodilatation in the superficial femoral artery.  
The results demonstrate that vascular endothelial function, expressed as percentage change in 
FMD, is enhanced in the femoral artery of the SCI individual compared with controls whereas 
no differences between the groups were found in the relative FMD response of the brachial 
artery. When taken the stimulus into account (using the ratio of FMD/delta shear rate as index 
for endothelial function) the results indicate that spinal cord-injured individuals have at least a 
preserved endothelial function in the inactive legs and possibly an attenuated endothelial 
function in the active arms as compared with able-bodied controls.  
 
Both endothelial dysfunction and decreased arterial compliance have been shown to be 
associated with the incidence and progression of cardiovascular diseases. Regular endurance 
exercise has been shown to improve endothelial function and previous cross-sectional studies 
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have demonstrated that compliance in the femoral artery is significantly higher in endurance 
trained athletes compared with sedentary controls and SCI individuals.   
It was previously reported that relative FMD response was increased in the inactive legs of 
SCI individuals compared with control subjects (chapter 5). The finding of an enhanced FMD 
response in deconditioned arteries may be surprising since it has been shown previously that 
FMD increases following exercise training. It is not known whether the changes in arterial 
compliance and endothelial function in SCI are reversible by training after a prolonged period 
of extreme deconditioning and what the time course of these training induced vascular 
adaptations might be. Animal research and recent human evidence suggest that vascular 
adaptations occur within days or weeks of the onset of training. In chapter 7 we studied the 
effect and the time course of enhanced physical activity after a long period of deconditioning 
on central and peripheral arterial compliance and on endothelial function. Arterial compliance 
was measured in the superficial femoral, brachial and carotid arteries and local FMD 
responses were measured in the superficial femoral and brachial artery prior to, and after 1, 2, 
and 4 weeks of 30 minutes of daily leg functional electrical stimulated (FES) training in a 
group SCI individuals. The training included one leg only, while the other leg was used as a 
time control. The results of the study demonstrate that daily electrically induced training of an 
extremely deconditioned leg in SCI individuals normalizes their initially enhanced FMD 
response (within 2 weeks) and elevates arterial compliance and hyperemic flow (within 4 
weeks) in the femoral artery of the trained leg only. No changes over time were observed in 
the vascular properties of the femoral artery of the untrained leg and the brachial and carotid 
arteries. This encouraging conclusion may have important implications for future clinical 
applications of electrical stimulation.  
 
Persons with a spinal cord injury are at increased risk for secondary complications such as 
pressure ulcers and attenuated wound healing because of an impaired circulation and 
concomitant decreased tissue perfusion. It has been suggested that passive exercise enhances 
the blood flow via mechanical pump effects or reflex activation. Passive leg movements 
carried out by a physical therapist and passive cycling are two forms of passive exercise, 
frequently used in rehabilitation of persons with SCI. Whether or not these interventions 
positively affect the arterial peripheral circulation is unknown. Therefore, the main objective 
of the study in chapter 8 was to assess peripheral circulatory responses during and after 
passive leg movements and passive cycling in individuals with SCI and able-bodied controls, 
using protocols in accordance with the clinical setting in rehabilitation centres. Echo Doppler 
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measurements were performed to measure leg blood flow at rest, during and after ten minutes 
of standardised passive leg movements and twenty minutes of passive leg cycling, 
respectively. Blood pressure was measured continuously and total and leg vascular resistance 
was calculated. In both groups, no changes in leg blood flow, vascular resistance nor in blood 
pressure were observed during or after the two interventions. The results of the present study 
demonstrate that passive leg movements and passive cycling do not alter the arterial 
peripheral circulation in persons with SCI and controls. Although the present study does not 
support the use of passive movements or- exercise for prevention of cardiovascular related 
secondary complications, physical therapists should not be dissuaded from using this modality 
to address musculoskeletal concerns. 
 
In the general discussion in chapter 9, the current knowledge on the time course and 
magnitude of arterial vascular changes to inactivity is reviewed from available data from 
human models of deconditioning with the emphasis on recent studies in this field by the 
authors, i.e. the effects on vascular dimension and function after 4 weeks of unilateral limb 
suspension, 52 days of strict horizontal bed rest (the Berlin Bed Rest Study) and the vascular 
changes that occur (within the first year) after a spinal cord injury (chapter 4, 5 and chapter 6 
of this thesis). We conclude that in accordance with data derived from animal research, a 
rapid onset of vascular adaptations after inactivity is evident in humans. A substantial 
reduction in femoral diameter size was observed after 1 week of leg casting (6%), 4 weeks of 
limb suspension (12%), 8 weeks of bed rest (17%), and, in the most extreme on the spectrum 
of inactivity, a 25% reduction in diameter size was completed within only 3 weeks after a 
spinal cord injury. The human arterial system strives to maintain a constant shear stress by 
adapting the diameter to chronic changes in blood flow. Recent training studies in humans 
have suggested that conduit arteries adapt their baseline diameter to peak shear stress and 
peak oxygen consumption rather than to resting blood flow. Parallel to this reasoning, the 
decrease in diameter after deconditioning most likely represents an inward remodelling as an 
adaptation to a total lack of variation in peak shear stress and not to basal shear stress levels. 
During six weeks of extreme inactivity, a simultaneous decrease over time was observed for 
femoral artery size and limb volume, which suggests a strong functional link between 
adaptations in vascular dimension and muscular atrophy. In addition, decreased hyperaemic 
leg blood flow, an almost doubling of resting shear rate levels in the femoral artery and 
increased FMD responses in the superficial femoral artery were all are evident within 3 to 8 
weeks in different humans models of inactivity. Possible explanations for an increased FMD 
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response in deconditioned arteries may be related to the chronically enhanced baseline shear 
stress levels in leg conduit arteries. Since it well-known that shear stress is a potent 
physiological stimulus for NO release, the increased levels of basal shear stress may lead to 
an upregulation of eNOS. A second possible explanation may be the lack of periods of high 
shear stress in the deconditioned vessels, which may contribute to an up-regulation of NO 
responsiveness. The enhanced FMD responses in deconditioned arteries imply that the 
functional vascular adaptations to inactivity are not simply the inverse of adaptations to 
exercise.  
 
Implications of the studies and future directions 
 
The studies in the present thesis mainly focus on the magnitude and time course of changes in 
vascular dimension and function after a spinal cord injury, which obviously represents the 
most extreme on the total spectrum of deconditioning in humans. In order to apply effective 
interventions, insight into the time course of vascular adaptations is essential. The results of 
this thesis may have important clinical implications for the SCI population and complement 
current human vascular physiology knowledge on the magnitude and time course of vascular 
adaptations to extreme inactivity. We have shown that, as in animals, function and structural 
vascular changes in conduit arteries occur within weeks. Recently, it has been suggested that 
the mechanism and time course of vascular adaptations to exercise or inactivity may differ 
between distinct vascular beds, i.e. conduit and resistance arteries. This hypotheses however, 
needs further investigation and represent an interesting and relatively new field. Increased 
oxidative stress is associated with endothelial dysfunction and has been reported in several 
cardiovascular conditions including hypertension, arteriosclerosis and diabetes. It is known 
that changes in NO bioavailability occur to changes in the balance between free radical 
formation and its disposal by antioxidants. At present, the effect of deconditioning on 
oxidative stress and its impact on vascular function is unknown and future studies should be 
directed to assess the underlying mechanisms of deconditioning and conditioning on oxidative 
stress and vascular function.  
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Nederlandse samenvatting 
Een dwarslaesie is een letsel in het dwarsvlak van het ruggenmerg waardoor de structurele en 
functionele continuïteit van het motorische, sensibele en/of autonome zenuwstelsel wordt 
onderbroken. De gevolgen hiervan zijn zeer uiteenlopend, variërend van een verlamming van 
de spieren onder het niveau van de laesie, gevoelsstoornissen van de huid tot een verstoorde 
werking van inwendige organen. Enkele tientallen jaren geleden stierven mensen met een 
dwarslaesie vaak kort na het ontstaan van de laesie aan infecties van bijvoorbeeld de 
luchtwegen of aan andere complicaties. Tegenwoordig hebben personen met een dwarslaesie 
een vrijwel normale levensverwachting maar men heeft een verhoogd risico voor secundaire 
complicaties zoals hart- en vaatziekten, decubitis, slechte wondgenezing en trombose. Uit 
eerder onderzoek bij personen die al gedurende langere tijd een dwarslaesie hebben is 
gebleken dat er dramatische veranderingen zijn opgetreden in het hart en vaatstelsel. 
Voorbeelden van deze aanpassingen zijn een afname van 25% in grootte en omvang van het 
hart en een vermindering van 40% van de veneuze capaciteit in de benen. In het arteriële 
systeem worden vaataanpassingen onder het niveau van de dwarslaesie gekenmerkt door een 
afname van 30% in vaatdiameter en een verminderde compliantie van de arterie femoralis, 
een verminderde doorbloeding van de benen, een toename in vasculaire weerstand en een 
verdubbeling van de shear stress (de schuifspanning in een vat).  
Fysieke inactiviteit is een belangrijke onafhankelijke risicofactor voor de ontwikkeling van 
hart- en vaatziekten. Het endotheel, ofwel de cellen die de binnenbekleding van een bloedvat 
vormen, produceert normaliter stoffen die betrokken zijn bij het vermogen van het bloedvat 
om te verwijden. Een verminderde endotheelfunctie speelt een belangrijke rol in de 
pathogenese van hart- en vaatziekten en is direct gerelateerd aan cardiovasculaire morbiditeit 
en mortaliteit. De huidige kennis van het tijdsverloop van structurele en functionele 
vaataanpassingen ten gevolge van inactiviteit is beperkt en wordt voornamelijk verkregen uit 
dierexperimenteel onderzoek. Als gevolg van het ruggenmergletsel zal er door de resulterende 
verlamming geen vrijwillige activiteit bestaan van de spieren onder het niveau van de laesie, 
wat zal leiden tot extreme inactiviteit. Een dwarslaesie kan dan ook beschouwd worden als 
een humaan model voor extreme inactiviteit, hetgeen een unieke mogelijkheid biedt om het 
tijdsverloop van vaataanpassingen te bestuderen zowel tijdens inactiviteit als na training met 
functionele elektrostimulatie. Dit proefschrift bevat studies die gerelateerd zijn aan het 
onderwerp aanpassingen in het hart en de vaten na een dwarslaesie. De belangrijkste 
doelstelling van het onderzoek was om meer inzicht te verkrijgen in het tijdsverloop en de 
omvang van structurele en functionele vaataanpassingen na extreme inactiviteit bij mensen. 
In het eerste gedeelte van hoofdstuk 1 wordt de achtergrond geschetst van de populatie 
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mensen met een dwarslaesie. Vervolgens wordt er een overzicht gegeven over de huidige 
kennis van cardiovasculaire aanpassingen na een dwarslaesie en de potentie om de aanwezige 
vaataanpassingen (deels) omkeerbaar te maken door middel van training van de verlamde 
spieren door functionele elektrostimulatie. In het tweede gedeelte van hoofdstuk 1 wordt de 
regulatie van arteriën beschreven. De bloedstroom en de diameter van arteriën worden 
bepaald door i) snelle, functionele veranderingen in vaattonus en ii) remodellering van het vat 
als gevolg van chronische en structurele veranderingen in het arteriële systeem.  
De huidige kennis van de omvang en het tijdsverloop van structurele en functionele 
vaataanpassingen na inactiviteit word beschreven aan de hand van verschillende dier- en 
humane modellen voor inactiviteit zoals het ontlasten van de achterpoot bij ratten, bedrust, 
ruimtevaart, immobilisatie van een ledemaat en een dwarslaesie, de meest extreme vorm van 
inactiviteit. Tevens wordt er informatie gegeven over vasculaire aanpassingen na training, 
waarbij de nadruk ligt op het tijdsverloop. Geconcludeerd kan worden dat uit dierstudies blijkt 
dat functionele vaataanpassingen optreden binnen enkele dagen, gevolgd door structurele 
aanpassingen van de vaten binnen dagen tot weken. De huidige literatuur over het tijdsverloop 
van aanpassingen als gevolg van inactiviteit en training bij mensen suggereert dat 
vaataanpassingen mogelijk optreden binnen enkele weken, maar het precieze tijdsverloop is 
niet bekend.  
 
Veneuze karakteristieken van het been worden vaak gemeten met de klassieke veneuze 
occlusie plethysmografie (VOP). Deze methode meet echter eigenschappen van de hele kuit 
inclusief de volumeveranderingen die optreden in het arteriële systeem en de uittredende 
weefselvloeistof door de verhoogde capillaire druk tijdens veneuze occlusie. In hoofdstuk 2 
wordt een nieuwe techniek geïntroduceerd waarmee de veneuze compliantie van een grote 
lichaamsader (vena poplitea) wordt gemeten met behulp van ultrageluid. In deze studie 
vergeleken we deze nieuwe techniek met de klassieke VOP. De veneuze compliantie van een 
groep controlepersonen werd vergeleken met die van een groep personen met een dwarslaesie 
waarvan bekend is dat er veranderingen zijn opgetreden in het veneuze vaatstelsel. Daarnaast 
werd de korte- en lange termijn reproduceerbaarheid van beide meetmethodes bepaald bij de 
controle personen. Er bleek een significante samenhang te bestaan tussen de veneuze 
compliantie gemeten met ultrageluid en die gemeten met VOP. Tevens vonden we een goede 
betrouwbaarheid voor de metingen uitgevoerd met ultrageluid. De korte- en lange termijn 
variatiecoëfficiënt varieerde tussen 10 en 15% voor de veneuze compliantie en tussen 2 en 9% 
voor de absolute diameter van de vena poplitea bij de verschillende veneuze drukken. 
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Tenslotte werd een 80% lagere veneuze compliantie van de vena poplitea bij personen met 
een dwarslaesie geobserveerd dan bij controlepersonen. De conclusie van het onderzoek was 
dat ultrageluid een betrouwbare methode is om de veneuze compliantie van een grote 
lichaamsader te meten. Met deze techniek is het mogelijk om de veneuze karakteristieken van 
een grote ader te bepalen in plaats van volumeveranderingen van de hele kuit. Deze nieuwe 
techniek kan dan ook beschouwd worden als een belangrijke aanvulling op de traditionele 
VOP methode.   
 
Veranderingen in fysieke activiteit leiden tot aanzienlijke aanpassingen in de structuur van het 
hart. Aan de ene kant vindt men een fysiologische hypertrofie van het hart bij de getrainde 
atleet en aan het andere uiterste een fysiologisch geatrofieerd hart door langdurige inactiviteit. 
Hoewel het bekend is dat er veranderingen optreden in dimensie en structuur van het hart na 
een periode van inactiviteit, is het momenteel nog grotendeels onduidelijk wat het effect is 
van langdurige inactiviteit op de functie van het hart. In hoofdstuk 3 werd het effect 
onderzocht van extreme en langdurige inactiviteit op de morfologie en functie van het hart. 
Met behulp van echocardiografie werden dimensies en (systolische en diastolische) functie 
van het hart gemeten in een groep personen met een cervicale dwarslaesie (de meest extreme 
vorm van inactiviteit) en een vergelijkbare controlegroep. De dwarslaesiegroep bleek een 
kleinere massa en dimensies van het hart te hebben dan de controlegroep. We vonden echter 
geen verschillen in zowel diastolische als systolische functie van het hart in rust tussen beide 
groepen. Deze bevindingen suggereren dat een afname in de grootte van het hart een 
fysiologische aanpassing vertegenwoordigt zonder dat de functie in rust nadelig wordt 
beïnvloed.   
 
Dierexperimenteel onderzoek heeft aangetoond dat vaataanpassingen optreden binnen een 
tijdsbestek van enkele dagen/weken. Hoe snel vaataanpassingen na inactiviteit bij mensen 
optreden is niet duidelijk. Folkow suggereerde op grond van de 5- tot 6-voudig lagere 
stofwisseling bij mensen dan bij kleine dieren zoals ratten en konijnen dat deze 
vaataanpassingen binnen enkele maanden plaatsvinden. In hoofdstuk 4 werd het tijdsverloop 
van vaataanpassingen bestudeerd tussen 6 weken en 13 maanden na het ontstaan een 
dwarslaesie. Met behulp van echo-Doppler werd de diameter en de bloedsnelheid gemeten in 
de liesslagader (arterie femoralis), de halsslagader (arterie carotis) en de elleboogslagader 
(arterie brachialis). In een transversale studie werd bij een groep personen met een 
dwarslaesie variërend van 6 weken tot 13 maanden een meting uitgevoerd op één tijdstip. 
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Daarnaast werden bij 6 patiënten herhaalde metingen uitgevoerd op week 6, 8, 12, 16, 20 en 
24 na de dwarslaesie. Al op 6 weken na het ontstaan van de dwarslaesie bleken de diameter en 
de bloedstroom van de arterie femoralis met 30% afgenomen en was de schuifspanning in dit 
vat verdubbeld. Tussen 6 weken en 13 maanden na de laesie werden geen verdere 
veranderingen waargenomen in de bovengenoemde parameters van de arterie femoralis. De 
vaateigenschappen van de arterie carotis en arterie brachialis waren vergelijkbaar tussen 
controlepersonen en personen met een dwarslaesie en deze veranderden ook niet over de tijd. 
Geconcludeerd werd dat vaataanpassingen na extreme inactiviteit bij mensen grotendeels 
voltooid zijn binnen 6 weken.   
 
Vervolgens is in hoofdstuk 5 gekeken naar het tijdsverloop van structurele en functionele 
vaataanpassingen binnen de eerste 6 weken na het ontstaan van een dwarslaesie. In deze 
studie werden 6 patiënten met een recente dwarslaesie zo snel mogelijk na het trauma 
geïncludeerd en werden vaatdiameter, bloedstroom, endotheelfunctie en beenvolume gemeten 
op week 1, 2, 3, 4 en 6 na het ontstaan van de laesie. Vaatkarakteristieken van de arterie 
femoralis communis en de arterie femoralis superficialis (oppervlakkige liesslagader) en van 2 
bloedvaten boven het niveau van de laesie, te weten de arterie carotis en de arterie brachialis, 
werden bepaald met behulp van echo-Doppler. De endotheelfunctie van de arterie femoralis 
superficialis werd gemeten volgens de Flow Mediated Dilation (FMD) methode. De 
vaataanpassingen na extreme inactiviteit bleken snel te beginnen, waarbij de veranderingen 
werden gekenmerkt door een afname van 25% in diameter, een verdubbeling in de 
schuifpanning en een toename in FMD-respons in de arterie femoralis. Deze 
vaataanpassingen waren grotendeels opgetreden binnen 3 weken na het ontstaan van de 
dwarslaesie. 
 
Een verminderde werking van het endotheel wordt verondersteld een belangrijke rol te spelen 
in de ontwikkeling van hart- en vaatziekten. Eerdere studies hebben een duidelijke samenhang 
aangetoond tussen een verminderde functie van het endotheel en risicofactoren voor hart- en 
vaatziekten zoals hypertensie, een verhoogd cholesterolgehalte, roken, diabetes, hartfalen en 
veroudering. Naast de zojuist genoemde traditionele risicofactoren is fysieke inactiviteit ook 
geassocieerd met een verhoogd risico op hart- en vaatziekten. De relatie tussen inactiviteit en 
endotheelfunctie is echter niet duidelijk. Bij personen met een paraplegie is het gedeelte van 
het lichaam onder het niveau van de laesie verlamd en dus extreem inactief. Daarentegen is 
het gedeelte boven de laesie vaak relatief actief omdat de armen worden gebruikt voor 
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rolstoelrijden, het maken van transfers, etc. De FMD methode is een niet-invasieve methode 
die gebruikt wordt om de endotheelfunctie te meten van een geleidingsvat. De relatieve 
toename van het vat na een hyperemische prikkel (toename in bloedstroom na periode van 
occlusie van been of arm) is een maat voor de door stikstofoxide (NO) gemedieerde 
vaatverwijding. In hoofdstuk 6 hebben we onderzocht wat de endotheelfuctie is in een 
extreme inactieve ledemaat (been) en een chronisch actieve ledemaat (arm) binnen eenzelfde 
persoon. In deze studie werden 11 mannelijke personen met een paraplegie en een 
vergelijkbare controlegroep geïncludeerd. Met behulp van echo-Doppler werd de FMD-
respons bepaald in de arterie femoralis superficialis (na 10 minuten suprasystolische occlusie 
van het been) en in de arterie brachialis (5 minuten occlusie van de onderarm). Een spray 
nitroglycerine werd toegediend om de maximale endotheel-onafhankelijke vaatverwijding te 
bepalen in de arterie femoralis superficialis. Het bleek dat de relatieve toename van de arterie 
femoralis superficialis na de hyperemische stimulus groter is bij personen met een dwarslaesie 
dan bij de controlegroep. Er was geen verschil tussen beide groepen in de relatieve FMD-
respons in de arterie brachialis. Wanneer de grootte van de hyperemische stimulus in 
beschouwing werd genomen (de ratio FMD/delta shear rate als index voor endotheelfunctie), 
waren er geen verschillen tussen de groepen in het been en mogelijk een wat verminderde 
endotheelfunctie in de arm bij personen met een dwarslaesie. Deze bevindingen suggereren 
dat de endotheelfunctie in geleidingsvaten, gemeten met FMD, behouden blijft of mogelijk 
zelfs is toegenomen na extreme inactiviteit.   
 
Zowel een verminderde werking van het endotheel als een verminderde arteriële compliantie 
zijn geassocieerd met een toegenomen incidentie en progressie van hart- en vaatziekten. 
Eerdere studies hebben aangetoond dat regelmatige aërobe training de endotheelfunctie 
verbetert en dat de compliantie van de arterie femoralis hoger is bij getrainde atleten dan bij 
inactieve controlepersonen en personen met een dwarslaesie. In een eerdere studie toonden we 
aan dat de endotheelfunctie in de benen (relatieve FMD-respons in arterie femoralis) was 
toegenomen bij personen met een dwarslaesie. Dit was een onverwachte bevinding omdat 
eerder werd aangetoond dat de FMD-respons ook toeneemt na training en bij verhoogde 
fysieke activiteit. Het is niet bekend of deze aanpassingen in arteriële compliantie en FMD-
respons in de arterie femoralis bij personen met een dwarslaesie omkeerbaar zijn door het 
trainen van de verlamde spieren met behulp van elektrostimulatie en wat het tijdsverloop van 
deze eventuele veranderingen is. Dierstudies en recente humane bevindingen suggereren dat 
functionele vaataanpassingen optreden binnen een aantal dagen/weken na aanvang van de 
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training.  
In hoofdstuk 7 wordt beschreven wat het effect en het tijdsverloop zijn van toegenomen 
activiteit (training met behulp van elektrostimulatie) na een lange periode van extreme 
inactiviteit (dwarslaesie) op de arteriële compliantie en de endotheelfunctie. Arteriële 
compliantie werd gemeten in de arterie femoralis superficialis, de arterie brachialis en de 
arterie carotis. De FMD-respons werd gemeten in de arterie femoralis superficialis en arterie 
brachialis. Een controlegroep van 8 personen werd gemeten op 1 tijdstip en 6 personen met 
een dwarslaesie namen deel aan de training waarbij de metingen werden uitgevoerd voor de 
trainingsperiode en na 1, 2 en 4 weken training. De training bestond uit dagelijks 30 minuten 
elektrostimulatie van 1 been waarin de volgende spier(groep)en werden gestimuleerd: m. 
quadriceps, m. gastrocnemius en m. tibialis anterior. De initieel verhoogde FMD-respons in 
de benen bij personen met een dwarslaesie bleek al na 2 weken training te normaliseren en de 
arteriële compliantie en de hyperemische respons (maat voor de maximale vaatverwijdende 
capaciteit van een extremiteit) nam toe na 4 weken dagelijkse elektrostimulatie. Er werden 
geen veranderingen over tijd gevonden in vaateigenschappen van de arterie femoralis in het 
niet-getrainde been en in de arm- en halsslagader. Deze bemoedigende conclusie van het 
onderzoek kan belangrijke implicaties hebben voor de toekomstige klinische toepassing van 
elektrostimulatie.  
 
Personen met een dwarslaesie hebben een verhoogd risico op secundaire complicaties zoals 
decubitis, vertraagde wondgenezing en een verminderde (weefsel)doorbloeding. Eerdere 
studies suggereren dat passief bewegen de doorbloeding kan verhogen door middel van 
mechanische pomp effecten of reflexactiviteit. Het passief doorbewegen en passief fietsen 
zijn 2 behandelingsvormen die frequent worden toegepast in de revalidatie bij personen met 
een dwarslaesie. Of deze interventies daadwerkelijk invloed hebben op de arteriële circulatie 
is niet bekend. Het doel van de studie zoals beschreven in hoofdstuk 8 was dan ook om te 
onderzoeken of passief (door)bewegen en passief fietsen effect heeft op de doorbloeding bij 
personen met een dwarslaesie en een vergelijkbare controlegroep. Echo-Doppler metingen 
werden uitgevoerd om de doorbloeding in de arterie femoralis te meten in rust en op vaste 
tijdstippen tijdens en na 10 minuten passief doorbewegen en 20 minuten passief fietsen. 
Daarnaast werd de bloeddruk continu gemeten en werd de totale- en been vaatweerstand 
berekend. In beide groepen werden geen veranderingen waargenomen in doorbloeding, 
vaatweerstand en bloeddruk tijdens en na de passieve bewegingsinterventies.  
Concluderend kan gesteld worden dat passief doorbewegen en passief fietsen geen effect 
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hebben op de arteriële circulatie bij zowel personen met een dwarslaesie als controlepersonen. 
Hoewel deze behandelingsvorm geen effect lijkt te hebben op de arteriële circulatie en 
daarmee zou kunnen bijdragen aan eventuele preventie van cardiovasculair gerelateerde 
complicaties, zijn we ons ervan bewust dat passief bewegen gunstige effecten kan hebben op 
het bewegingsapparaat (bijvoorbeeld vermindering van spasmen en voorkomen van 
contracturen). 
 
In de algemene discussie (hoofdstuk 9) wordt een overzicht gegeven van de huidige kennis 
van het tijdsverloop en de omvang van vaatveranderingen als gevolg van inactiviteit bij 
mensen. Hierin ligt de nadruk op de resultaten van eigen recente studies waarin we 
verschillende humane modellen van inactiviteit gebruikten om vaataanpassingen te 
bestuderen (4 weken beenimmobilisatie, 52 dagen bedrust, eerste jaar na dwarslaesie (dit 
proefschrift, hoofdstuk 4, 5 en 6). In overeenstemming met bevindingen van dierstudies zijn 
er ook bij mensen snelle vaataanpassingen na inactiviteit. De resultaten van verschillende 
studies toonden een aanzienlijke afname in diameter van de arterie femoralis na inactiviteit; 
na 1 week immobilisatie met gips (6%), na 4 weken been immobilisatie met krukken (12%), 
na 8 weken bedrust (17%) en na 3 weken dwarslaesie (25%), de meest extreme vorm van 
inactiviteit. De arteriële circulatie streeft ernaar om een constante schuifspanning in een vat te 
handhaven. Uiteindelijk zal de diameter van een vat zich structureel aanpassen aan een 
chronische verandering in doorbloeding. Door een toename in doorbloeding zal de diameter 
van het vat toenemen en deze zal afnemen als aanpassing aan een lagere doorbloeding. 
Recente trainingsstudies met mensen suggereren dat de diameter van geleidingsvaten zich 
aanpast aan periodes van hoge doorbloeding en hoog zuurstofverbruik (zoals bij inspanning) 
en niet aan veranderingen in rustdoorbloeding. Aan de andere kant kan men zich voorstellen 
dat de diameter afneemt als een aanpassing aan de totale afwezigheid van periodes van hoge 
doorbloeding, zoals bij extreme inactiviteit. De bevindingen van ons onderzoek bevestigen 
deze hypothese. Gedurende de eerste 6 weken na een dwarslaesie observeerden we een in de 
tijd gelijktijdige afname van zowel de diameter van de arterie femoralis als het beenvolume. 
Deze resultaten suggereren dat er een sterke functionele link bestaat tussen atrofie van het 
vasculaire bed en van spieren. Naast een snelle afname in diameter toonden de verschillende 
studies een verdubbeling van de schuifspanning en een toename in relatieve FMD-respons in 
de arterie femoralis binnen 3 tot 8 weken inactiviteit. Een verhoogde FMD-respons was een 
onverwachte bevinding omdat eerder werd aangetoond dat de FMD-respons ook toeneemt na 
training en bij verhoogde fysieke activiteit. Een mogelijke verklaring voor de toegenomen 
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FMD-respons na inactiviteit is de verhoogde basale schuifspanning in het vat. Het is bekend 
dat de schuifspanning een belangrijke fysiologische stimulus is voor de afgifte van NO; een 
verhoogde basale schuifspanning zou daarom kunnen resulteren in een opregulatie van het 
NO systeem. Een andere mogelijke verklaring is gelegen in de afwezigheid van variatie in 
schuifspanning wat zou kunnen leiden tot een verhoogde gevoeligheid voor NO. De toename 
in FMD respons impliceert dat vaataanpassingen ten gevolge van inactiviteit niet simpelweg 
het omgekeerde zijn van vaataanpassingen aan training en verhoogde fysieke activiteit.   
 
Relevantie van het onderzoek en aanbevelingen.  
De studies beschreven in dit proefschrift zijn met name gericht op de omvang en het 
tijdsverloop van vaataanpassingen na een dwarslaesie, de meest extreme humane vorm van 
inactiviteit. Om effectieve interventies toe te kunnen passen is het belangrijk om inzicht te 
hebben in het tijdsverloop van vaatadaptaties. De resultaten van het proefschrift zijn van 
klinisch belang voor de populatie mensen met een dwarslaesie en leveren een belangrijke 
bijdrage aan de fysiologische kennis met betrekking tot het tijdsverloop van structurele en 
functionele vaataanpassingen na extreme inactiviteit bij mensen in het algemeen. De 
resultaten hebben aangetoond dat vaataanpassingen bij mensen ten gevolge van extreme 
inactiviteit snel optreden en grotendeels binnen enkele weken voltrokken zijn. Er is recent 
gesuggereerd dat het mechanisme en tijdsverloop van vaatadaptaties ten gevolge van training 
of inactiviteit anders zijn voor verschillende vaatbedden zoals geleidingsvaten en 
weerstandsvaten. Deze hypothese behoeft echter verder onderzoek en vertegenwoordigt een 
interessant en relatief nieuw onderzoeksgebied.  
Een toename in oxidatieve stress is geassocieerd met een verminderde werking van het 
endotheel en ook met verscheidene cardiovasculaire aandoeningen zoals hypertensie, 
atherosclerose en diabetes. Het is bekend dat er veranderingen optreden in de biologische 
beschikbaarheid van NO als gevolg van een verandering in balans tussen de formatie van vrije 
zuurstofradicalen en de verwijdering hiervan door anti-oxidanten. Het effect van inactiviteit 
op oxidatieve stress en de eventuele impact op de vaataanpassingen is niet bekend. 
Toekomstig onderzoek wordt aanbevolen om meer inzicht te krijgen in de relatie tussen 
(in)activiteit, oxidatieve stress en structuur en functie van de vaten. 
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